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Abstract 

 

In this thesis, the development of a new type of seal is presented along with the steps 

taken to attain the conclusive design. The results are presented in this paper as a cross-

sectioned CAD-model along with the selection of materials and suggestions for future 

work. The project was commissioned by the multi-discipline engineering consultancy 

company Projektengagemang AB in Karlstad, Sweden, and carried out as a master’s 

thesis at Karlstad University. The commission was due to a demand for a new type of 

sealing solution, as friction is a problem within the field of micro-pneumatics. The work 

done consists of a study of different low-friction materials where a 30/70 PTFE/PEEK 

compound was selected as it displayed promising friction and wear properties. The 

material was then implemented into a design concluded by employing a product 

development process. The result rendered a prototype for a new kind of low-friction seal 

which uses the fluid pressure to achieve a sealing contact load between a piston/rod and 

the seal, which also was the goal set to achieve at the start of the project. Additionally, a 

design of experiments study was conducted to settle what design parameters were 

significant with respect to the contact load. For proceeding, making the concept a product 

ready for production, additional work is needed in the form of experimental material 

testing, development of a leakage model to optimize the contact load, determination of 

temperature and creep behaviour, as well as sufficient field testing. Lastly, a die tool must 

be designed for manufacturing with injection moulding as well as determining if any 

further processing is required.  



 

 

 

Sammanfattning 

 

Detta arbete behandlar utvecklingen av en ny sorts tätning samt arbetet som utförts för att 

nå en slutlig design. Resultaten presenteras i form av en CAD-modell tillsammans med 

materialval och förslag till fortsatta studier. Projektet utfördes efter förfrågan av 

konsultconcernen Projektengagemang AB i Karlstad, Sverige och utfördes som ett 

examensarbete för civilingenjörsexamen i maskinteknik vid Karlstads universitet. Detta 

gjordes eftersom det finns en efterfrågan på lågfriktionstätningar inom mikropneumatik 

där friktion är ett rådande problem. Arbetet består av en studie över att antal 

lågfriktionsmaterial där en komposit med 30/70 PTFE/PEEK valdes på grund av dess 

lovande nötnings- och friktionsegenskaper. Materialet implementerades sedan i design 

som togs fram genom en produktutvecklingsprocess. Resultatet är en prototyp för en ny 

sorts lågfriktionstätning som utnyttjar fluidtryck för att uppnå en tätande effekt mellan 

tätning och kolv vilket även var målsättningen för projektet. Flerfaktorförsök har under 

processen utnyttjats för att hitta vilka geometriska parametrar som påverkar 

kontaktkraften mellan tätning och motliggande yta. För att ta konceptet till en färdig 

produkt krävs fortsatt arbete innehållande experimentella materialtester, framtagning av 

en läckagemodell att optimera kontaktkraften mot, studier kring temperatur- och 

krypberoende samt fälttester för att verifiera funktionen över tid. Slutligen behöver ett 

verktyg för formsprutning tas fram tillsammans med eventuell ytterligare bearbetning för 

slutlig tillverkning av produkten.  
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1 Introduction 

This chapter introduces the project commissioner, explains the purpose and goal of the project, as well as 

giving the reader a summary of different seal types and the contemporary measures taken to reduce friction. 

Projektengagemang AB is a multi-discipline consultancy company present in a wide 

range of engineering and architectural fields. The company is currently developing a 

pneumatic product with the function to rescue distressed divers in accordance to the needs 

of a customer. The product may be regarded as an airbag for scuba divers and is supposed 

to notify co-divers in case of emergency. That is, if the diver stops breathing and becomes 

unconscious. If the situation is critical, the product will launch the diver to the surface 

where life-saving measures can be taken. A critical aspect of the function is the ability to 

register the breathing of the diver, which is done by resetting a timer with every breath. 

The product is submitted to different circumstances depending on diving depth and the 

breathing pattern of the diver and therefore, it must be able to detect very small pressure 

fluctuations induced by the breathing. This thesis project was therefore conducted to 

examine the options available regarding frictional reduction and how the issue could be 

solved by selecting and optimizing sliding surfaces as far as possible. 

1.1  Formulation of the problem 

At the time of writing this paper, the project commissioner is using rubber as sealing 

mechanisms for reciprocating pistons in the pneumatic product, namely lip seals 

manufactured from EPDM in Shore A numbers from 30 through 90. According to Xia & 

Durfee [1] who studied friction in tiny hydraulic cylinders, rubber has a coefficient of 

friction of 1 to 4 under dry sliding, whilst coefficients of 0,3 to 0,5 is achievable if the 

surfaces are fine and adequate lubrication is used. The authors have stated that, as this 

results in unwanted magnitudes of friction forces contradicting the motion force of the 

piston significantly due to the tiny pressure differences at work, other designs and 

materials are needed to mitigate the motion contradicting forces present in the current 

model. The authors have found that for tiny piston bore diameters (<2 mm), the presence 

of O-ring seals decreases the efficiency of the piston with up to 10%. An investigation on 

performance on tiny IC-engines conducted by Sher et al. [2] have concluded that the use 

of seals may give rise to friction forces in the same magnitude as the combustion force, 
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which is fatal to the efficiency of these engines. The same reasoning may be attributed to 

tiny pneumatic cylinders, where friction is a nagging issue within engineering purposes. 

For the case presented for this degree project, a cylinder with a diameter of 2 mm, which 

has to be able to move under a pressure difference of 0,5 bar has been considered. The 

cross section can be seen in Figure 1.1, where a pressure is acting directly onto its end. 

 

Figure 1.1 Cross section of the piston. Pressure acting on the orange line. 

The resulting force on the rod is thus approximately 0,63 N, a very small force which an 

ordinary rubber seal acting with a small contact load easily exceed, rendering the 

actuating of the piston impossible. It is evident that conventional seals are simply not 

sufficient for this type of application, and studying the literature there is not a huge 

quantity of work having been done and published to the public in this narrow field until 

comparatively recent times. Indeed, for most pneumatic applications, small friction forces 

are not a problem as the cylinders are usually large enough to translate relatively small 

pressures to hundreds if not thousands of Newtons in actuating force. 

1.1.1 Purpose 

Currently, a persisting problem is the friction forces present in the system, which is the 

concern of this thesis and what was set out to be investigated. A tribological system 

minimizing friction, while maintaining the sealing function under the presence of varying 

pressures and temperatures was the eventual desirable outcome.  
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1.1.2 Objective 

The project aims to result in a suitable configuration of a valve sealing system and 

selecting optimal materials to meet the requirements for the tribological system. A 

secondary request was that the function should be verified physically at the end of the 

project. 

1.1.3 Risk analysis 

A failure modes and effects analysis were conducted to identify what risk may threaten 

the completion of the project on time as seen in appendix II. The severity of a possible 

fault is ranked from 1–10. 

1.1.4 Delimitations 

All projects have a limited amount of resources in terms of working time, available 

equipment, funds and so forth. Therefore, it is of great essence to set the framework of 

limits of a project before it is started. As this project could easily vastly exceed the 

timeframe granted for a master’s thesis, the following demarcations were made. 

• Experiments on material properties and implementation of thermal and creep 

behaviour was not carried out. 

• The product was not be manufactured during this work, however, a 

recommendation on methodology was given. 

• Distribution, usage and elimination aspects would not fit into this work and was 

left for future studies. 

• No analyses regarding environmental impact was to be carried out. 

• Designing the manufacturing process, tools etc. was outside the scope of this 

work. 
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1.2  Project model and the systematic approach 

According to Johannesson et al. [3], systematic 

procedures were introduced as engineering tools 

as there was a demand of increased efficiency in 

product development, speaking in terms of 

industrial produce which is to be sold to 

customers. They have stated that as the customer 

expect the product sold to them to be simple to 

handle, useful and valuable enough for them to 

spend their hard-earned money on. The company 

selling it strives for a maximum profit, with low 

production costs. Here efficiency is key. The 

authors state that as far as until the 1960’s, 

product development was solely dependent on 

experience, and product development was not 

deemed a scientific discipline. With the industry 

rise in Japan, these issues were taken more seriously, as the competition toughened. 

Western companies eventually sent their engineers to Japan, according to the authors, 

discovering the systematic approaches used there. Soon enough, engineering became 

regarded as a scientific discipline rather than artwork, throughout the world, where new 

methods were developed to increase the efficiency and thereby profit. The product 

development process consists of both creating new products as well as analysing the 

properties of them. In short, the authors present the process as started by formulating what 

the problem to be solved is and what demand exist on the market. This is followed by 

formulating different solutions, which are in turn evaluated systematically based on the 

demand specified at the start. Ultimately, a satisfying solution is accepted and produced. 

This process is as the literature indicate iterative, meaning it is redone until a good enough 

solution has been achieved, as seen in Figure 1.2 which is called the iterative synthesis-

analysis process. 

The structure of this degree project was set up in accordance to the materials selection 

process, as described by Ashby [4] alongside systematic product development processes 

which is described by Johannesson et al. [3]. The main tasks are presented in Figure 1.3 

Problem analysis

Specification of demands

Synthesis

Product concept

Analysis

Predicted behaviour

OK?

Yes 

No 

 Figure 1.2 Product development procedure 

according to Johannesson et al. [3]. 
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and the steps taken are presented in the following sections. These authors describe similar 

systematic approaches for product development and design, where the former goes more 

into depth regarding material’s selection which was suitable for this work, as it was 

foreseen that chosing good materials for the application would be central and where most 

of the working time was to be put. Thus, it was used as the backbone for the systematic 

procedure employed. 

 

Figure 1.3 Steps taken through the product development according to Ashby [4]. 
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1.3 State-of-the-art 

There is an enormous number of solutions and materials currently on the market for 

sealing and sliding purposes, each with their own advantages and drawbacks. However, 

friction has remained a nagging problem to this day. Studying the state-of-the-art in the 

field was necessary to approach this project in a good manner and focus was put on 

learning about different seals and which materials seemed promising. 

1.3.1  Seals 

Seals have a history of well above 100 years. For instance, the first patent for the everyday 

used O-ring was filed in 1896 by Swedish J.O Lundberg. Danish Niels Christensen took 

it to the US in 1937 and filed a patent. During the second world war, the invention was 

deemed so important, it was necessitated that other companies should have manufacturing 

rights to contribute to the war effort [5]. 

The definition of a mechanical seal is a device which prevents leakage by joining different 

parts, such as machine elements. The seal efficiency is mainly dependent on adhesive 

forces between the seal and the counter surface, a force which is unwanted for low friction 

applications. In those cases, friction and sealing must be weighed against each other to 

find an optimal trade-off. Seals can be divided into two distinct groups, unidirectional and 

double-acting. Most sealing elements are made from elastomers due to their ability to 

conform to the counter surfaces under a relatively small normal force. 

Some elastomers, like natural rubber and nitrile are very susceptible to ozone cracking, 

which is a product of ozone reacting with double bonds in the polymer chains where only 

tiny traces of ozone are needed to crack the polymer [6]. In pneumatic systems, the gas 

itself is formed by discharges of for example static electricity and usually build up in 

electric machines [7], such as air compressors. Nowadays, preventive measures can be 

taken by addition of antiozonants, or polymers with few double bonds may be used as 

these are less susceptible.  Oxidation of elastomers is also problematic.  

There is a vast selection of seals on the market as of today, some of which will be 

discussed here. Seals are constructed differently depending on the application in which 

they are used. Some are made specifically for rotating shafts, some for reciprocating rods, 

and some for sealing between fixed surfaces. There is literature to be consulted for the 
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interested reader. Here a brief description of some seal types is presented as described by 

Flitney [8]. 

Gaskets are very common and used in everything from pipe flanges to internal 

combustion engines. They basically seal between two stationary normal surfaces and 

usually consist of a solid elastomer sheet with the same shape as the surfaces it is 

supposed to seal. 

Diaphragm seals are membranes, or basically an elastomer sheet as in Figure 1.4, which 

are often used to protect pressure sensors from the surrounding pressures. They are also 

commonly used as controlling devices for small pressure changes in pneumatics or act as 

pumping mechanisms in diaphragm pumps. They can be used as a sealing mechanism for 

short stroke reciprocating motion at low pressures. Diaphragms makes for a leakage free 

solution with no friction. However, the stiffness of the diaphragm will counteract the 

motion. Another advantage is that super fine surface finishing is not required which 

makes manufacturing cheaper. A major disadvantage is that failure does not come 

gradually, as with a typical seal which is worn over time, but it may instead cause a 

catastrophic failure [8]. 

 

Figure 1.4 A rubber diaphragm. 

 

A quite similar sealing solution is the use of bellows, which are commonly found around 

drive shafts, to seal off the coupling internals from the environment. A problem with using 

these as seals is that the pressure volumes change during reciprocating motion which in 

turn could compromise the function of a pneumatic cylinder or valve, significantly when 
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the volumes are very small. A solution is venting the bellow, even though this defeats the 

purpose of a seal [8]. 

O-rings are another type of seal, and probably the most well-known. They are best suited 

for static applications where the rubber which they are made of act as a spring pushing its 

surfaces against the walls. They are not well suited in reciprocating applications due to 

high friction and rolling. A common O-ring is displayed in Figure 1.5. These usually have 

a round cross section but may as well be square or lobed [8]. 

 

Figure 1.5 A common rubber O-ring. 

Lip seals, or radial shaft seals are quite similar to O-rings but are in contrast more suited 

for rotary shafts [8]. They take advantage of the system pressure, using it to push the seal 

against the piston and thereby secure the tightness. This may however be a double-edged 

sword in micro pneumatics, as the increased contact force exerted on the wall leads to 

higher friction forces. A representative cross section is seen in Figure 1.6. 

 

Figure 1.6 Lip seal cross section 
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Labyrinth seals are seals which forces the fluid to pass a more or less complicated circuit 

before reaching the other side. They are common in rotating machinery or reciprocating 

pistons where oil lubrication is employed [8]. This seal efficiently slow leakage of oil as 

the pathway is hard to pass as shown in Figure 1.7.  

Wiper seals are used in reciprocating applications and is used both as a sealing device and 

as a preventive measure to keep contaminants from passing into the system. They look 

much like a lip seal in cross section. 

An interesting seal which is quite commonly used in pneumatic reciprocating motions is 

the U-seal (Figure 1.8). This seal consists of a plastic material U shape rotated 90 degrees. 

Inside the U a metal spring is placed to energize it. The seal is energized further by the 

system pressure, which makes for some advantageous properties. The disadvantage of 

these seals is the cost as well as the fact that they can only seal from one direction [8]. 

 

Figure 1.8 Cross section of a U-seal. 

  

Figure 1.7 A representation of a labyrinth seal 

cross section (note that the pathways are much 

more complicated in a real seal). 
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1.3.2 Common seal materials 

Seals are usually made from a range of elastomer materials which all exhibit high friction 

when sliding against metals (as discussed in section 1.1) such as steel or brass which are 

the most common housing materials for pneumatic valves and actuators. This result in the 

friction force often being much higher than that of the normal force. In most hydraulic 

and even pneumatic applications, this is not an immense problem as the pressures are 

several orders of magnitude higher than those of the normal and friction forces between 

bores and cylinder walls. In hydraulics, an additional advantage is the lubrication which 

comes with the hydraulic oil.  

As for pneumatics, if the system is in the smaller variety, and force differences on the 

actuators are not higher than a few Newtons, friction becomes a factual problem. When 

using conventional seals, the friction force may even supersede that of the actuating force 

induced by the air pressure, preventing any movement. The use of greases is common to 

lubricate the sliding surfaces in pneumatic applications, but this require additional 

maintenance and is in many cases not acceptable in breathing apparatuses due to the risk 

of inhalation of unhealthy particles. Other major disadvantages of rubbers are the poor 

thermal stability along with possible low oxidation and ozone resistance. 

1.3.3 Current approaches to achieve low friction sealing 

There are currently a few methods usually employed to reduce friction in pneumatic 

cylinders as well as internal combustion engines, hydraulics or any application which 

uses reciprocating rods. They all have their advantages and disadvantages, why the study 

of current solutions was essential for this work as it laid the foundation for the 

development of the product. 

1.3.3.1 Lubrication 

As described by Jacobson & Hogmark [9], lubricants are widely used in all machinery 

and as much as 10% of the oil consumption in the US is due to lubrication. The use of 

lubricative substances has many advantages, such as lower friction and wear, protection 

against corrosion and contaminants and temperature transportation. This list can be made 

long, but in its essence the lubricant act either as a film which separates the surfaces, 

either fully, known as hydrodynamic lubrication, or partially, known as mixed 
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lubrication. In other cases, the lubricant adheres to the surfaces as a molecular sheet with 

polar end groups, which repel each other and thus reducing the friction. This is called 

boundary lubrication. Solid materials able to reduce sliding friction between two surfaces 

are called dry- or solid lubricants. Tribological systems often have a so-called run-in time, 

during which the components are worn to a certain extent, smoothing them out. After this 

time, the system runs optimally [9]. 

1.3.3.2 Dry lubrication 

A dry lubricant is a solid material used to obtain low friction without the necessity to use 

any liquid lubricant, like oil or grease. Some of these materials are discussed in this 

section as they were deemed to be of interest for this study, many of them can either be 

used as coatings or as bulk fillers. 

In recent years, different methods have been tested to reduce undesirable effects of high 

friction. One rather common approach is to infuse the polymer seals with self-lubricating 

materials, such as graphite, molybdenum disulphide (MoS2) or polytetrafluorethylene 

(PTFE). However, these fillers often result in weakening of temperature stability and 

tribological properties, therefore surface treatment was instead proposed as a more viable 

option by Verheyde et al. [10]. First, the authors used laser cladding to coat thermoplastic 

polyurethane with polyamide (PA), PA mixed with MoS2 and PA mixed with PTFE 

where only the last presented good frictional properties (µ ≈ 0,2), the coatings all had 

rather rough surfaces. Secondly, they plasma coated hydrogenated nitrile butadiene 

rubber (HNBR) with 3-aminopropyl-triethoxysilane (APEO) and 3-glycidoxypropy 

trimethoxy-silane (GLYMO), which are siloxane based. This affected the surface 

roughness to a much lesser extent. Nevertheless, the coatings cracked instantly, and the 

authors reported on delamination wear for the GLYMO. Despite this, a lower friction was 

achieved, and they have reported it as stable for a run of at least 8,5 km. They have 

concluded that there is potential in surface treated rubbers for reduction of dry friction. 

PTFE 

Tetrafluoroethylene is a non-reactive thermoplastic with very strong carbon – flour bonds. 

It has high strength and toughness as well as allowing for low friction due to its lamellar-

like molecular bond composition. It is also hydrophobic, meaning it will repel moisture. 

Furthermore, PTFE is relatively cheap and even machinable. 
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Tzanakis et al. [11] have tested PTFE friction and flash temperatures with respect to 

different surface roughness, loads and velocities in piston strokes. They stated there is a 

run-in time of 600 seconds for their experiment, after that period steady state frictional 

behaviour was achieved due to the increased contact temperature. Another prospect is 

that bulk PTFE transitions to a messy pseudo-hexagonal phase at room temperature, 

above that point, the thermal diffusivity depend very little on the temperature according 

to Conte et al. [12]. In the region below 25°C though, there is a reported temperature 

dependence. 

BAM – Aluminium magnesium boride 

BAM is a ceramic alloy with an orthorhombic structure. It is very hard, reaching 

magnitudes up to 3500 HV. Composite coatings of AlMgB14 and TiB2 has shown truly 

low coefficients of friction as well as wear according to studies carried out by Cook et al. 

[13] where they used the material as a surface coating. They stated that the alloy achieves 

its low friction properties by formation of boric acid B(OH)3, which acts as a lubricant. 

BAM caught the interest as it was one possible candidate for use in pistons and seals in 

order to reduce friction. 

DLC – Diamond like carbon 

Being a type of amorphous carbon, DLC is one of the best lubricants known to man at 

point when this paper is published. It is used as coatings for high performance products, 

such as within the automotive industry. It has superior friction and wear properties and is 

often deposited onto the substrate by sputtering or CVD processes. The low friction 

behaviour of DLC coatings are dependent on transfer layers, which are graphitized [14]. 

DLC and W-DLC (tungsten) coatings on NBR substrates have been considered and show 

some promising results. The use of W-DLC coatings on HNBR substrates. One study 

concluded a coefficient of friction of 0,2 – 0,25 in sliding against chrome plated steel 

[15]. This coating cracked, but since the fragments were still bonded adhesively to the 

rubber surface, the authors have stated that no significant damage was done to the wear 

tracks. Martinez et al. [16] states this is rather good as it allows for large deformations of 

the rubber without delamination of the DLC film. According to Pei et al. [15], the rubber 

rigidity is key to achieve good tribological properties and they suspect that interface 

modifications will make for even better properties. 
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MoS2 - Molybdenum disulphide 

MoS2 is often used in dry lubrication since it exhibits low friction and does not react with 

air or acids. Similar to graphite, the material consists of layers bonded together with van 

der Waals forces. MoS2 compounds may be used as a composite with a plastic, which is 

often used in heavy-duty applications such as aircraft engines. It may also be used as a 

grease [17]. Recent studies carried out by Meng et al. [18] have also examined different 

MoS2 composites, they have presented some cases, for example addition of titanium 

which both decreases friction and prevent oxidation. They found that the dominant wear 

mechanisms were adhesion and ploughing. 

Pt-Au - Platinum-gold alloy 

Producing Ultra-low wear Pt-Au coatings as described by Curry et.al. [19] is done by 

magnetron sputtering, this is a new type of coating (at the time this paper is written), 

which has excellent tribological properties making it interesting for use in a wide range 

of applications. The alloy is wear and corrosion resistant and has a high conductivity 

making it ideal. During the sputtering process a target of the coating material is 

bombarded with Ar ions. Atoms are then released and adheres to an adjacent substrate 

surface. This method admits thin coatings to be made with high quality, where other 

methods require a thicker one. The alloy obtains its tribological properties due to the 

surface tension phenomena induced by boundary segregated platinum. A splendid bonus 

the authors have reported is that it creates a layer of DLC spontaneously in air due to 

adsorption of carbon molecules. 

Graphite 

Graphite, being the material used for pencils has a planar structure composed of multiple 

layers, of covalently bonded graphene. In turn, the individual layers are bonded together 

with weak van der Waals bonds, giving the material a very low shear strength. Graphite 

is also conductive [20]. 

1.3.3.3 Aerodynamic lubrication 

An interesting prospect has also been to make seal-less cylinders where a small controlled 

leakage creates a lubricating film between the piston and cylinder wall. These cylinders 

have been suggested to have superior efficiency in hydraulics compared to conventional 

counterparts [1].  The authors have tested different configurations and state that a cylinder 



 

 

21 

without any seals at all may be viable for pneumatics. They have concluded that removing 

the seals improves the performance while the bore size is very small. This is due to the 

small leakage gaps along with only viscous friction being present in the system they have 

stated. Another approach which has been reported by Belforte et al [21] is to use a slant 

coiled wire spring made of steel, surrounded by a PTFE jacket to create an air film seal. 

Additionally, a numerical model has been presented by Visconte et al. [22] which they 

proved agreed with experimental tests they also carried out. They used an axisymmetric 

two-dimensional model to simulate a flow field and thereby determine the leakage. They 

assumed the ideal gas laws applied, that the pressure is equal in the entire side of the 

upstream, whereas the downstream was at atmospheric pressure. They also assumed heat 

flux was negligible and that the flow was laminar. The authors calculated the viscosity as 

dependent on temperature according to equation (1.1). 

 
𝜇 = 𝜇0

𝑇

𝑇0
 (1.1) 

Where 𝑇0 = 293 𝐾 and 𝜇0 = 1,79 ∗ 10
−5 𝑃𝑎 ∗ 𝑠. The authors concluded that their 

analysis coincided with their experimental data, which is why it is of interest for this 

master’s thesis. However, they reported on relatively large leakage flow rates, (~10 l/min 

at 6 bar), but then the cylinder tested had a diameter of 50 millimetres whereas in this 

study, cylinders with diameters of just a few millimetres are of interest. 

Belforte et al [21] have investigated the design parameters to consider when designing an 

air lubricated seal.  The authors assumed a conventional lip seal with a spring energizer. 

They state that the lip of the seal acts as a jointed rigid body and that it is very sensitive 

to the upstream pressure, due to the use of a mechanical spring, therefore they suggested 

a pneumatic spring would be more virtuous as it would be able to balance itself. 

Furthermore, they stated that the geometry of the leakage path should make for a small 

leakage accompanied by rigid behaviour from the lip, otherwise, a leakage prediction 

would be difficult to obtain.  

Moreover, the authors have shown that a tapered and parallel gap between the seal and 

cylinder wall in series was much preferred in comparison to just using a straight surface. 

The authors compared the quotients ℎ1/ℎ2 and 𝐿1/𝐿2, where ℎ1 is the height of the 

tapering,  ℎ2 is the height of the non-tapered part of the seal, 𝐿1 is the length of the 
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tapering, and 𝐿2 is the length of the horizontal section of the seal (ℎ1 and 𝐿1 are the catheti 

forming a triangle). 

1.4 Friction in micro pneumatics 

Friction can be essential for the function of a product, take for example the tyres on a car. 

With insufficient friction, the wheels would spin but the car would stand still, as often 

happen on icy roads during the winter. On the other hand, friction can also be devastating. 

An example is another part of a car, the cylinder pistons, where friction and wear must be 

kept at a minimum to mitigate heat losses and wear which may result in engine failure. 

Different piston rings, coatings and oil with a range of additives are therefore used to 

diminish these effects as far as possible. 

There are two components which friction can be divided into, adhesion and ploughing 

[9]. The adhesive effects come into play when two surfaces slide against one another and 

asperities bond at the interface. When the shear strength of the interface surpasses that of 

the shear strength deeper down in the material, fragments are sheared off and the softer 

material is transferred to the harder surface [9]. The adhesive contributor is described 

according to equation 1.2, where 𝐴𝑟 is the real contact area (i.e. the asperity junction area) 

and 𝜏 is the shear strength of the weaker material. 

 𝐹𝑎𝑑ℎ = 𝐴𝑟𝜏 (1.2) 

Furthermore, the normal load may be denoted as the real contact area 𝐴𝑟 times the 

hardness of the softer material, resulting in equation 1.3. 

 𝑊 = 𝐴𝑟𝐻 (1.3) 

To obtain the adhesive coefficient of friction, equation 1.4 is employed. 

 
µ𝑎𝑑ℎ =

𝐹𝑎𝑑ℎ
𝑊

=
𝜏

𝐻
 (1.4) 
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The ploughing component of friction denotes the harder surface asperities penetrating the 

softer surface. This either cause elastic deformation which is mild, or plastic deformation 

which leave grooves in the surface. The force needed to achieve sliding is described by 

the hardness of the softer material times the groove cross sectional area according to 

equation 1.5 and the normal load is in this case by equation 1.6, where 𝑎 denotes the 

contact geometry, often described as a sinusoidal function, a cone or a pyramid. [9] 

 𝐹𝑑𝑒𝑓 = 𝐻𝑎𝑥 (1.5) 

 
𝑊 = 𝐻

𝜋𝑎2

2
 

(1.6) 

Consequently, a minimal surface roughness is desirable in addition to that frictional 

forces play a massive role in small pneumatic actuators and the effect increases with a 

decreasing bore size. Additionally, according to Tran & Yanda [23] the friction of the 

system depends highly on the piston velocity. At low velocity there is a hysteretic 

characteristic while the friction is linear at higher velocities. Therefore, it is very difficult 

to predict the exact behaviour of a pneumatic cylinder.  

1.5 Contact mechanics 

A study on contact mechanics was carried out since the understanding was needed to 

carry out FEA simulations with reasonable results. There are three different contact 

conditions to consider when modelling a contact pair, which depend on the relation in 

equation 1.10 The relation considers a body with mass 𝑚, hanging in a spring 𝑘𝑥 the 

distance ℎ above a rigid surface and  𝑢 is the deflection of the spring [24].  

 𝑐(𝑢) = ℎ − 𝑢 ≥ 0 (1.10) 

The system can be in contact if 𝑢 = ℎ, in no contact if 𝑢 < ℎ and in a combined state if 

𝑢 ≤ ℎ, that is, if they are very close. 

If regarding frictional contact, there are two possible states, called stick and slip.  The 

“stick-slip” phenomenon is described by Jacobson & Hogmark [9] as what happens when 

a car driver is doing a burn out, the tires then stick and slip repeatedly to the road, which 
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give rise to the loud squeaking noise. Slip occurs when a tangential force surpasses the 

normal force times the coefficient of friction. As the contact pressure approaches zero at 

the peripheral of the contact spot, there is always a ring-shaped surface where the 

frictional stresses are too low to keep traction to the counter surface. The authors state 

there is micro slipping occurring in this area. However, inside the ring, the frictional 

stresses are sufficient and the surfaces stick. There are two methods widely used to model 

the contact force, namely Lagrange multipliers or the penalty method. 

In Ansys, it is recommended that the program default settings are used whenever 

employing a contact problem, the software uses augmented Lagrange multipliers as 

default for surface to surface contact. When compiling the simulation, the software 

creates a contact relationship between the two surfaces which is meant to keep them from 

passing through one another, which is referred to as interpenetration. In the ideal case, 

the contact stiffness would be infinite. The goal is therefore to maximize it, as an infinite 

number is not possible. A big enough stiffness gives a negligible penetration, rendering a 

sufficiently accurate result. Since the augmented Lagrange method uses an extra term, it 

is less sensitive to the stiffness magnitude [25]. 

A workaround may also be to use the normal Lagrange contact formulation which sets 

the contact pressure as an extra degree of freedom, making the solution compatible. This 

method does not require a contact stiffness as there is no elastic slip and it enforces a 

penetration close to zero. However, it requires a direct solver, which is more demanding 

on the hardware [25]. 

A possible issue with this setting is called chattering. Due to the contact points oscillating 

between open and closed statuses, convergence may suffer. Some minor penetration may 

therefore be desirable to prevent this [25]. 
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2 Methodology 

This chapter explain the methodology utilized to achieve the result and the steps taken to generate concepts, 

evaluate them, and constructing the final design of the product. It also explains calculations and FEA 

models used, evaluated and optimized by using design of experiments. 

2.1 Product specification 

The demands on the product was established by communication with the project 

commissioner along with knowledge obtained and presented in the first chapter, where 

information regarding state-of-the-art was retrieved for seals and low friction materials. 

One way of compiling a specification of a product is to use the Olsson matrix [3] (Table 

2.1). This matrix lists the life cycle phases of the product and what aspects should be 

considered during development. 

Table 2.1 Aspects of a products life cycle [3] 

Life cycle phase Aspects 

Process Environment Human Economy 

Creation 1.1 1.2 1.3 1.4 

Production 2.1 2.2 2.3 2.4 

Distribution 3.1 3.2 3.3 3.4 

Usage 4.1 4.2 4.3 4.4 

Elimination 5.1 5.2 5.3 5.4 

The degree project was planned on a daily basis with a Gantt chart, constantly tracking 

the progress as shown in appendix I. The Table used was an Excel spreadsheet consisting 

of multiple collapsible pull-downs which describe the major work packages in detail. The 

extent of the project was 30 ECTS credits, translating to 800 hours of work. The product 

specification was then based on the Olsson matrix [3] where demands and desires were 

specified by the project commissioner. The desires are ranked depending on their 

importance which makes it easier for the designer to act if compromises have to be made 

due to different restrictions such as cost, compatibility or physical constraints. An 

example specification is presented in Table 2.2. 

Table 2.2 Product specification sheet as described by Johannesson et al. as the Olsson matrix [3]. 

Number Cell Criteria Demand=D 

Wish=W 

Function =F 

Restriction = R 

1 2.4 Cost < xxx D R 

2 1.1 Lift X kg W,1 F 

3 5.2 Recyclable D R 
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The specifications were then put into a quality function deployment (QFD) [3], which 

consist of four steps aiming to translate the needs of the project commissioner into a 

specification of technical requirements for the end-product. 

The next step was to construct a “house of quality” as described by Johannesson et al. [3], 

which is seen in Table 2.3. Here each of the requirements were weighted from 1-5 so 

priorities could be made, and each requirement were correlated with the criteria, which in 

practice could, for example, be a lift force on an elevator, the width of a beam or a torque 

on the wheels on a car. Common for all criteria is that they are measurable quantities. The 

significance of the correlation between requirements and criteria are rated from no 

correlation (0) to strong correlation (9). If the project revolves around an already existing 

product, it can be evaluated and compared to other products solving the same problem, 

for this degree project this was not possible, why it was left out. After the criteria has 

been determined, concept generation could commence. 

Table 2.3 House of Quality based on the description made by Johanesson et al. [3]. 
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Customer input 

Req.1  1 9 3 8 2  

Req.2 3 5 7 3 9  

Req.3 3 1 5 6 8  

Req.4 5 2 4 3 2  

Unit N J mm mm  

Goal value      

Our product     

Concurrent product 1     

Concurrent product 2     

Difficulty [%]     

 

2.2 Product development 

The product was developed according to the systematic methods described. Here follows 

a summary of the conclusive steps taken through this project as the specifications had 

been determined as described in the previous section. As the detailed specifications for 

the product was obtained, the problem could once again be formulated in wider terms, 

making for an open-minded neutral approach. A functional analysis, which have been 
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described by Johannesson et al. [3], was carried out and solutions for each function was 

thought out. As the process proceeded, solutions to sub-functions could be distinguished 

to eventually create a final solution for the whole. The product may be regarded as a 

“black-box” which transforms an input to a desired output as presented in Figure 2.1. 

 

Figure 2.1 Representation of the “black box” function [3]. 

2.2.1 Concept generation 

Several concepts were generated after the formulation of the problem and at the time 

already available solutions had been investigated. This was done by brainstorming both 

individually and together with the project commissioner. Different design solutions for 

functions was set up in a morphological matrix, where they if needed could be combined 

in different variations for selection of the best solution for each. 

Table 2.4 Morphological matrix describing different solutions to achieve function. [3] 

Function Alternatives 

F1 A1.1 A1.2 A1.3 

F2 A2.1 A2.2 A2.3 

F3 A3.1 A3.2 A3.2 

  

Each concept was evaluated with respect to function, cost viability, manufacturing 

possibilities and robustness. The concepts were screened by employing an elimination 

matrix conferring to Pahl and Beitz, described by Johannesson et al. [3] which can be 

seen in Table 2.5. 

Input Function Output
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Table 2.5 Elimination matrix based on the description made by Johannesson et al. [3] 

Elimination matrix Elimination 

criteria: 

[+] Yes 

[-] No 

[?] More info 

[!] Control 
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Decision: 

[+] Proceed 

[-] Eliminate 

[?] More info 

[!] Control 

Decision 

1        

2        

3        

4        

5        

At this point, concepts which did not comply with the demands were removed. The 

concepts remaining were screened with the Pugh method (Table 2.6), employing a 

relative decision matrix with respect to the specification of demands, both of which have 

been described by Johannesson et al [3]. This way, a single concept was selected as viable 

to proceed with. A reference solution is added, which usually consist of either one of the 

concepts which has been generated, or by an already existing solution. The remaining 

concepts may then be ranked with regards to the criteria which were specified in the 

product specification. If a concept fulfils the goal or requirement better than the reference, 

a plus sign is added, and if it is worse, a minus sign is added. All these values are then 

added together, resulting in a net value which tells the designer how good each concept 

is. The concepts can then be ranked, and the product developer may choose which ones 

to proceed with to developing. The process can then be reiterated by putting the concept 

which was ranked highest as the reference, and perhaps continuing developing some 

others. For this degree project, reiteration was not necessarily due to the relative 

simplicity of the concepts available. 
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Table 2.6 Pugh matrix (Relative decision matrix) [3] 

Pugh matrix 
Property Reference 1 2 3 

Spec A  + - - 

Spec B + + - 

Spec C - - + 

Goal A + - + 

Goal B + + + 

Net value 0 3 -1 3 

Rank 2 1 3 1 

Decision No Yes No Yes 

 

2.2.2 Materials selection 

The selection of materials had to be made in two steps in this project, the first part 

consisted in choosing a good dry lubricant on the premise of the selection of the concept. 

As discussed previously, there are many ways these can be implemented, as a bulk, as a 

surface treatment or as a filler in a composite. Selecting a material with the aim of finding 

good tribological properties cannot be performed in the conventional quantitative manner 

with precise measured material properties. Jacobson & Hogmark [9] have stated that there 

is no such property as “wear resistance” which applies to all situations. Every single 

tribological situation is different, and thus it cannot be described easily with numbers. 

Finding a material with desirable properties for the concept in this work therefore had to 

be done by studying the work of others and relying on theory. 

To evaluate whether the investigated low friction materials will pass the requirements an 

elimination matrix was set up, as have been described by Johannesson et al. [3]. First, the 

possible wear and friction properties were examined for each material. As all the 

candidates were selected due to their excellent solid lubricative properties, they all passed 

this test. Secondly, the behaviour in dry diving air was examined which is described in 

section 3.1.1. It was also important to determine whether the material was safe for 

breathing and as stated earlier, food manufacturing regulations were used as a rule of 

thumb. Perhaps most importantly, a check was made that the material had been used 

previously and successfully as a seal. Lastly, the viability of manufacturing and costs 

were roughly considered. 
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After the first materials were screened out, a relative weighing matrix (Pugh) was set up 

as seen in Table 2.6, with which the materials were compared against one another with 

the methodology described the previous section. The process was in short carried out 

analogous to the concept generation phase of the product development. 

Materials selection of the other parts could be done in accordance to the materials 

selection process which have been described by Ashby [4]. Criteria was then set up to 

fulfil the objective and ultimately concluded by weighing. Here, the product specification, 

constraints, objectives and free variables for the construction was set up. With the 

equations obtained from the boundary conditions, the free variables can be identified and 

then rearranged into a function set up to minimize or maximize the magnitude of the 

variable. 

2.2.3 Embodiment and detailed construction 

As the best concept had been selected, a geometric model was constructed using CAD 

software. When the knowledge regarding the materials selected for investigation had been 

deepened as well, both function and manufacturing had to be considered. A first FEA 

model was set up and the loading case roughly evaluated with respect to the material 

selected, the design was then changed iteratively to comply with any restrictions in 

manufacturing or design limitations. Lastly an approximate cost model was set up. 

Data over the selected material was gathered from investigated research investigated and 

regarded as linear elastic as a true material model would not have been possible to fit 

within the scope of this thesis. A final FEA was carried out and design of experiments 

were employed to find an optimal geometry of the model. Contact load simulations were 

carried out, as well as a simple experimental pressure test to demonstrate the function of 

the model. Lastly a detailed construction model was made in a CAD software. 
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2.3 Validation 

The validation was carried out through FEA experiments in the computer software Ansys 

along with a physical function test. 

2.3.1 FEA analysis 

The analysis was done in the software Ansys, and the model was simplified as an 

axisymmetric geometry in order to save computational power. As is seen in Figure 2.2, 

the model consisted of the seal, which was assigned with the selected material properties, 

and the cylinder, which had a much higher modulus, but might as well had been 

considered as a rigid body as it had a much higher stiffness. The boundary conditions 

consisted of a fixed support at A. B denotes the pressure which was added on the inside 

and on the upper half of the seal, C constrained vertical movement and D constrained 

horizontal movement. Radii were added to the edges of the seal to mitigate the formation 

of stress concentrations at the edges.  

 

Figure 2.2 The FEA setup employed for determining the contact load. 

The contact was set to frictionless and tested with both symmetric and asymmetric 

behaviour. Using symmetric behaviour, caution must be taken as the contacts of both 

surfaces are considered, which may affect the results. An augmented Lagrange solver was 

used as it is less sensitive to the contact stiffness and small sliding was employed as it 
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improves both robustness and efficiency. Quadratic elements were used in both surfaces. 

The built-in Ansys contact tool was used to verify the integrity of the contact formulation. 

2.3.2 Physical experiment 

A very simple physical experiment of a rough prototype was carried out. The objective 

was to investigate whether it was air tight or not and to validate a distinct reciprocating 

movement. The test equipment consisted in a 3 mm rod pushed into a hole with a rough 

machined seal, mounted within a pressure chamber. The pressure chamber was filled with 

air up to 10 bar to check for leakage. 

2.4 Optimization 

The optimization process was carried out by employing design of experiments which has 

been described by Johannesson et al. [3]. During this process, key parameters were 

determined as a function for achieving the highest possible contact load. For future work 

on this product, the designer would want to optimize the contact load to be no more than 

sufficient to be able to maintain sealing, with some safety-factor included. However, as 

the determination of the contact loads require a significant amount of additional work, it 

supersedes this thesis and is therefore subject to future investigation. 

Design of experiments is usually employed when process parameters for manufacturing 

are to be determined and is a great tool as it reduces the required testing time and thereby 

costs. The researcher or process engineer can also find the right parameters for a vigorous 

setting, where the produce will be kept within the tolerances of the specification of 

demands. The key when conducting such experiments is to conclude which parameters 

are significant for the specified outcome, which may be for example the percentage of 

faulty products, or a certain output parameter like wear rate, load or fatigue cycles. Other 

than in processing, the method may be used for concluding design parameters for a 

construction design, which was done in this degree project. 

The method was implemented to this work due to the convenience mentioned above. A 

computer software called MODDE Go was used as it could calculate optimal settings as 

well as output graphs and contours regarding the parameters.  
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2.5 Cost model 

A key aspect which had to be fulfilled for the model to be realizable was the cost of 

purchasing a tool along with material and manufacturing costs. The investment needed 

had to be able to compete with purchasing seals in bulk already on the market. An 

absorption cost model was created as seen in Table 2.7 whereas for this work, only 

manufacturing costs was regarded. This model was used as it is useful for calculating 

costs for any activity carried out commercially. Skärvad & Olsson [26] describe the 

process as a “black box” where resources are inserted, processed and the output are 

products. These in turn generate income whereas the processing itself gives rise to costs. 

As obtaining exact costs for everything is next to impossible without having a fully 

complete product to hand over to a manufacturing company in exchange for a cost 

offering, this cost model was constrained to very rough approximations. 

Table 2.7 Absorption cost model example based on the description made by Skärvad & Olsson [26] 

+ Direct material costs 

+ Material overhead costs 

+ Direct labour costs 

+ Manufacturing overhead costs 

= Manufacturing cost 

+ Distribution costs 

+ Administration costs 

= Prime production cost 
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3 Results 

In this chapter, the result is presented as a design of a new type of seal. The product development process 

and material’s selection are described, whereas the finished product is presented in the form of a CAD-

model and a drawing. 

3.1 Project specification 

3.1.1 Pre-study 

Valuable information was obtained during the pre-study phase regarding the different 

approaches available to achieve low friction sealing. The problem at hand was discussed 

with the commissioner and presented in the specification of requirements. 

The pre-study consisted mainly in studying different low friction materials such as Pt-Au, 

DLC and MoS2 which may be employed in various forms (bulk, fillers, coatings etc.) to 

mitigate frictional forces acting on reciprocating cylinders. In particular, materials with 

some type of lamellar microstructure with strong molecular bonds within the lamellae but 

weak forces keeping the layers together were studied due to the low friction and wear 

properties of these materials. Studies of pneumatic reciprocating behaviour was also 

carried out. 

One main issue to take into consideration was the diving air. The air used for diving 

purposes is dry, meaning the moisture is removed during filling of the diving cylinders. 

The process is done with special equipment to ensure pollutants are kept at a minimum. 

Unwanted elements in the air mixture is hazardous to the diver and in some cases even 

fatal. There is a European standard for diving air, EN 12021 [27], which states the 

boundary values for different elements in the air. Materials selected for diving equipment 

are usually picked with corrosion resistance in mind. See Table 3.1. 

Table 3.1 Highest acceptable amounts of pollutants in diving air according to EN12021 [27]. 

Element Highest acceptable value 

Water 25 mg/m3 

Oil 0,5 mg/m3 

Carbon monoxide 15 ppm 

Carbon dioxide 500 ppm 



 

 

35 

As there were tremendous constraints on the size of the product, requests were made by 

the commissioner to keep the dimensions down to the values of a maximum diameter of 

6 mm and a maximum height of 3 mm. The piston in this regard had a diameter of 2 mm. 

Also, as this is respiratory equipment, no materials displaying toxic or other dangerous 

behaviour could be used. A rule of thumb was to use materials approved for food industry 

applications. There was also a demand stating that the weight of the product could not be 

of significance as the gravity should have no effect on the function. Further restrictions 

were that the product had to withstand operating pressures of up to 16 bar, and there 

should not be any frictional forces greater than that produced by the 0,5 bar pressure 

working on the piston. Subsequently, the product has to seal from leakage of air, as this 

would impede the function of the cylinder. A service temperature from -30 to 70°C was 

specified as a requirement and the product should exhibit low wear, which is difficult to 

quantify without experiments on the matter. 

3.1.2 Specification of requirements 

The constraints from the knowledge obtained from the pre-study and demands from the 

project commissioner were formulated onto a product specification in Table 3.2. 

Table 3.2 Product specification 

Specification of requirements 

Number Cell Criteria Demand=D 

Wish=W 

Function =F 

Restriction = R 

1 1.1 Compliant to diving air D R 

2 1.1 Maximum height 3 mm W,3 R 

3 1.1 Maximum diameter 6 mm W,3 R 

4 1.3 Not hazardous for humans D R 

5 2.3 Low weight W,5 R 

6 4.1 No yielding up to 16 bar hydrostatic pressure D R 

7 4.1 Admit sensitivity to 0,5 bar of pressure D F 

8 4.1 Air-sealed D F 

9 4.2 Not oxidize in air D R 

10 4.2 Not affected by gravity D R 

11 4.2 Service temperature -30-70 degrees Celsius D R 

12 4.4 No service during lifespan D R 

13 4.4 Low wear D R 

 

The QFD matrix which lead to the product specification can be found in appendix III. 
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3.2 Concept generating. 

The product to be developed were broken down into sub functions which are presented 

in Figure 3.1. The sealing device should have three functions, to make sliding easy, 

prevent air from escaping from one side to the other and to guide the piston so that it does 

not tilt. The input parameter was the system fluid pressure and the output set out to be a 

linear, reciprocating motion. 

 

Figure 3.1 Description of "black-box" function, input and output. 

Concepts were then generated and evaluated as described in section 2.2.1. As this was not 

to be a product with many different parts included, there was not a truly widespread sea 

of different approaches which could be taken as would be the case with a more extensive 

product. Different ways of achieving the three functions were thought out and are 

presented in the following sections. 

Pressure Seal

Sliding 
effortlessly

Preventing air 
from escaping

Guiding the 
piston

Linear 
motion
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3.2.1 Concept 1: No seals 

The concept of a system which does not rely on soft seals such as O-rings is what was 

considered first. This was to be achieved by using surface materials with ultra-low friction 

and yet displaying sufficient sealing with ultra-fine surface roughness along with a 

minimal gap between the rod and cylinder wall. The most obvious advantage with this 

configuration is that there are few parts included, it would have a very long service life 

and the forces contradicting movement would be very low. A downside was thought to 

be the cost of manufacturing as tolerances would have to be very fine. A question which 

had to be addressed was if it was able to seal against the air. The reason why this is thought 

possible is the use of DLC coated diesel injectors currently used, which does in fact seal 

of oil from the combustion chamber in diesel cars. However, air molecules are much 

smaller than that of oil. The principle of the concept is visualized in Figure 3.2. The black 

arrow is the fluid flow between the rod and the housing. A drawback of this design is the 

risk of tilting which would make sliding more problematic due to the sticky drawer effect. 

Q δ 

Figure 3.2 Concept 1 

Rod/piston 

Housing 
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3.2.2 Concept 2: Bellows 

Concept 2 is almost identical to concept 1, the difference being it does not rely on the 

sealing capability of the sliding surfaces. Instead, a bellow is connected to guarantee the 

sealing function. This of course require additional parts for the product, but the service 

life may also suffer, and pressures may act on the bellow in an undesirable manner. In 

this case, there still has to be a guiding cylinder wall with low friction to secure the rod. 

The design is presented in Figure 3.3. 

 

3.2.3 Concept 3: Diaphragm 

Concept 3 (Figure 3.4) also relies on a mechanical seal, by placing a sphere at the end of 

the rod, it may press down on a diaphragm or membrane which seals the flow. This 

concept has the same advantages and downsides as that of concept 2.  

Q 

Q 

δ 

Figure 3.3 Concept 2 

Figure 3.4 Concept 3 

δ High pressure 

Low pressure 

High pressure Low pressure 
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3.2.4 Concept 4: Pneumatic spring sliding seal 

This concept was inspired by hydraulic piston seals, where an O-ring usually is 

compressed below a sliding surface. In this concept however, holes are drilled through 

the seal. This way the pressure from an arbitrary pressure chamber may be retained and 

used for pressing the sliding surface outward, into the adjacent wall which seals between 

the seal and piston. The sealing force can be adjusted by adjusting the area of the seal 

housings or other geometries, thereby the sweet spot between sealing force and friction 

force could be obtained. This may be an excellent solution to the problem, but it may also 

be very expensive to manufacture since the parts are just a few millimetres in size. The 

idea, which was first presented by Belforte et al. [21] for air lubricated seals, where a 

PTFE lip was pushed outward by a rubber lip seal and pushed back by the fluid pressure 

to form an air lubricative gap.  In their case, an ordinary rubber lip seal is placed 

underneath it to ensure it does not bend inwards and they wanted to create a thin air film 

between the seal and the sliding surface to mitigate friction and wear. In this case 

however, the goal is to achieve complete sealing at a friction force as small as possible, 

therefore, the design must be altered for this particular application as leakage is 

unacceptable.  

 

Figure 3.5 Concept 4 

In this concept as seen in Figure 3.5, there is no lip seal to push the PTFE sleeve, but only 

the pressure acts from the inside, pushing a tip against the piston. 
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3.2.5 Concept 5: Energized sliding seal 

Concept 5 is identical with concept 4, except for the one difference being the use of sliding 

piston rings energized by rubber O-rings instead of the pressure induced sealing force. 

The advantage of this concept is that such piston rings are common and obtainable from 

pneumatic component manufacturers, however the unusual size may prove it difficult. 

The material used in such applications is PTFE, each manufacturer having their own 

variant.  

 

Figure 3.6 Concept 5 

3.3 Concept evaluation 

The elimination matrix in Table 3.3 concluded concept 1 was difficult to construct to be 

air sealed. It is possible to maintain a controlled leakage, but the piston needs guiding 

contacts to slide straight, additionally, rough calculations estimate a leakage of ~4 mm3/s. 

Such an air flow is not acceptable in this application. Concept 2 might have been viable 

and was probably one of the cheaper variants, however, the bellows would simply take 

up too much space as the smallest found on the market were several centimetres in length. 

Concept 3 would result in unwanted loading cases due to the excess pressure acting from 

the low-pressure side on the ball which makes it unusable for the application. It fails due 

to the low-pressure side working over a large area of the ball/diaphragm which in turn 

creates an undesirable force. This could result in an unpredictable behaviour or significant 

unwanted forces. 

δ 

L 

H 

Low pressure High pressure 
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Concept 4 is quite sophisticated, but the manufacturing costs of the rod would probably 

be a bit higher. As for concept 5, it was deemed probable that it was more cost effective 

than concept 4, and still essentially working by the same principle in a much simpler 

manner. An elimination matrix was first set up to control that the concepts fulfil the 

requirements. Concept 4 and 5 passed the tests according to Table 3.3.  

Table 3.3 Elimination matrix 

Elimination matrix Elimination criteria: 

[+] Yes 

[-] No 

[?] More info 

[!] Control 
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Decision: 

[+] Proceed 

[-] Eliminate 

[?] More info 

[!] Control 

Decision 

1 + + + -   - 

2 + -     - 

3 -      - 

4 + + + + + + + 

5 + + + + + + + 

 

An evaluation matrix was put together (Table 3.4) for determining how the concepts fared 

against one another in terms of the goals and demands the project commissioner had 

stated at the start of the project. From the weighing, the fourth concept was deemed to 

meet the requirements in the best way, the highest weighing aspect was that this concept 

admits sealing pressures depending on the supply pressure. This way, the normal force 

acting on the cylinder wall is not higher than it needs to be in order to achieve an 

adequately air tight seal. Thereby, it is not pushing an unnecessary friction force for low 

supply pressures and movement inducing forces on the cylinder. The concept would be 

dependent on selecting a good dry lubricant, as air film lubrication would make for 

unwanted leakage and wet lubricants like oil or grease could not be employed, conferring 

to the specification of demands which had concluded that no servicing was allowed. 
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Table 3.4 Evaluation matrix 

Pugh matrix 
Property Conventional 4 5 

Cost  - - 

Rigidity 0 0 

Friction + + 

Safety + + 

Simplicity 0 - 

Net value 0 1 0 

Rank 2 1 2 

Decision No Yes No 

The morphological matrix was first set up and possible solutions to the problem was 

selected, as seen in Table 3.5. The spring could be an optional solution to secure sealing 

at low fluid pressures. 

Table 3.5 Morphological matrix 

Function Alternatives 

Energizing Spring/rubber Pressure By geometry 

Constraining None  Melt/pressed Seat 

Movement Frictional sliding Air film Bellows/Diaphragm 

 

3.4 Materials selection – Dry lubricant 

The first part of the materials selection was done with the guidance rules described by 

Jacobson & Hogmark [9]. The process started with regarding all the available materials 

but was quickly reduced as there was a range of proposed materials suitable for reducing 

dry friction without using lubricants within the literature. As selection of materials for 

tribological purposes cannot be done qualitatively as in the conventional manner, the 

common denominator for the materials were low shear strength at the surface interface 

relative the hardness. Now, recalling equation 1.4 as the surfaces was to be as fine as 

possible the friction would arise from adhesion.  Consequentially, the materials of interest 

were reduced to PTFE, BAM, DLC, MoS2, Pt-Au and graphite. Constraints formulated 

for the selection was that the materials had to display lubricative properties in diving air 

within the temperature range presented in the product specification. Oxidation was not 

acceptable and there could be no elements with risk of being hazardous to breathe.  
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3.4.1 Evaluation and screening of materials 

The same process used for the concept generation phase was employed here as it was 

deemed useful for determining if the selected materials could cope with the required 

specifications. Pt-Au and graphite were screened out due to the fact that they rely on 

carbon contaminants and moisture respectively in order to function properly. Otherwise, 

graphite would be an excellent lubricant for this work, were it not for the fact that it needs 

water vapor to lubricate the system effectively. For Pt-Au, as adsorption is not certain in 

this application as the dry air is purified from contaminants like carbon, a direct DLC 

coating would be more favourable. When filling the diving cylinders with air, the water 

is removed to mitigate freezing of the equipment as well as corrosion. Another major 

factor was the safety of using the materials for respiratory equipment, here BAM 

succumbed to the fact that it formed boronic acid, which was the reason why it obtained 

its low friction properties. Since it is toxic, it should not be used for respiratory equipment. 

In addition, the formation of the acid is done by reactions with water molecules, which 

are limited in dry air making this material display problems in either case. In the end there 

were three materials left for further investigation, PTFE, DLC and MoS2. The screening 

is presented in Table 3.6. 

Table 3.6 Elimination matrix for materials selection 

Elimination matrix Elimination 

criteria: 

[+] Yes 

[-] No 

[?] More info 

[!] Control 
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Decision: 

[+] Proceed 

[-] Eliminate 

[?] More info 

[!] Control 

Decision 

PTFE + + + + + + + 

BAM + - -    - 

DLC + + + + + ? + 

MoS2 + + + + + ? + 

Pt-Au + -     - 

Graphite + -     - 
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To conclude the materials selection, the remaining contestants were weighed against a 

reference standard EPDM rubber material. This is by far the most cost-effective material 

to use of the four, as it can be injection moulded and does not require any further 

processing. PTFE is quite easy to process as well, even though it is currently not possible 

to injection mould, it is very easy to machine, and it may be compression moulded, used 

as a coating or as lubricative particles in an elastomer mesh. The greatest advantage of 

the PTFE is the transfer film formation, which will make the system acquire a stable 

coefficient of friction. DLC may only be used as a hard coating and require expensive 

sputtering techniques, there is also a lack of research on the subject of DLC in pneumatics 

(to the authors knowledge). It would need a complex lamellar coating system to not crack 

when deposited onto a soft plastic, which is needed to mitigate the contact force required 

to achieve air tight sealing. As for the molybdenum disulphide, it can also be deposited 

as a coating or used as an additive to a rubber seal. However, as discussed previously 

researchers have found signs of undesirable wear as it may act as hard abrasive particles 

as the surfaces are worn. The final evaluation is presented in Table 3.7. 

Table 3.7 Evaluation matrix for materials selection 

Pugh matrix 

Property EPDM (Ref.) PTFE DLC MoS2 

Processing 

readiness 

 0 -2 -1 

Cost -1 -2 -1 

Wear +2 +2 0 

Friction +2 +1 +1 

Sealing force -1 0 0 

Score  +1 -1 -1 

 

3.5 Selected material and further investigation 

The material of choice was PTFE due to its relatively modest price, excellent friction and 

wear properties and since it is a polymer which compress under relatively low pressures 

contrary to the non-polymer options it can be used in bulk. PTFE was discovered and 

made famous by the company DuPont under their trade name “Teflon”. The mind behind 

this extraordinary material was Roy Plunkett, who discovered it accidentally when 

researching plastics.  
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3.5.1 Material properties 

There are as stated previously a vast selection of PTFE compounds available 

commercially. However, finding the data needed to compile reliable FEA analyses is a 

shore as every compound has unique properties and there are no test data readily 

available. Some mechanical properties were found in the material database CES Edupack 

[28], which are presented in Table 3.8. 

Table 3.8 Material properties of PTFE derived from the EDU-pack database. 

Property Physical quantity 

Young’s modulus [E] 0.4-0.552 GPa 

Specific stiffness [k*] 0.184 - 0.55 *106 Nm/kg 

Elongation [ε] 200 - 400% 

Fatigue strength [σf] 5,75 - 7 MPa 

Service temperature [Ts] - 200 - 250 °C 

Conductivity [q] 0.242 - 0.261 W/m°C 

Hardness [Vickers] 6 - 7 HV 

Other properties of PTFE are the excellent chemical resistivity, electrical non-

conductivity, UV resistance and in curiosa it’s flame proof and compatible with human 

tissue. Some drawbacks are the high density, limited manufacturing possibilities and poor 

creep properties. Perhaps most importantly, it is not particularly wear resistant. 

3.5.2 Microstructure 

The polymerization process of PTFE is quite complex and consist of four increments of 

chemical reactions. The interested reader is directed to [29] where the processing has been 

described.  

In short, the polymerization is done by introducing free radicals to tetrafluoroethylene 

(TFE) monomers by placing the TFE in a water filled container with the radical initiators 

at a temperature of 36 to 76 °C and a pressure of 10 to 20 bar. The final product consists 

of chains of carbon with fluor side pairs (Figure 3.7), one of the strongest bonds in organic 

chemistry. 
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Figure 3.7 PTFE monomer. 

Either granular or dispersion polymerization may be utilized, the former producing 

particles with diameters of up to 1 cm which are later grounded to 30 pm fine powder and 

grouped to 500 pm particles to make it flow more readily. This compound is used for 

moulding. The second method produces even finer particles (0,25 pm) which may be used 

for coating purposes. 

3.5.3 Crystallinity 

PTFE has a peculiar phase diagram, and as discussed previously changes its crystallinity 

at common service temperatures. This may have a number of implications, such as 

changing the thermal expansion, which was discussed in section 1.3.3.2. Conte et al. [30] 

have stated that the crystallinity affects a range of properties including tribological 

properties, thermal characteristics, permeability and density. They have stated that the 

transfer film itself is also affected. 

3.5.4 Creep- and thermal properties 

Polymers exposed to loading during prolonged periods of time are prone to creep, as 

PTFE falls into this category a study of possible cold flow would have to be carried out. 

The material is more resistant in compression than tension and in this case, it will be 

subjected to both. There was a concern that creep potentially could jeopardize the entire 

design as the shape of the seal could change during prolonged exposure to pressure, but 

this must be experimentally tested. Another potential issue is the temperature dependency 

of the material.  A solution if this were to be the case was to use another material as a 

deformation buffer and a PTFE ring in the contact area with the piston rod. 

The reason why PTFE may have some problematic properties depend on the polymer 

bonds. As have been pointed out by Conte & Igartua [31], PTFE is not able to form cross-

links, why it is prone to creep which is best compensated for by using fillers. Additionally, 

stress relaxation due to viscoelasticity may prove problematic. 
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Moreover, the material has an unusual dependency on temperature, with multiple phase 

changes according to Conte et al. [30]. They have stated the first being the glass transition 

temperature, where the polymer transitions from a stiff glass like state where molecule 

motion is very restricted. Secondly, they have reported a transition at room temperature, 

where the material goes from a triclinic to a hexagonal crystallinity. Furthermore, it again 

transition at 30°C into a pseudohexagonal crystallinity, they have stated. This would 

affect the linear expansion of the material which has to be considered prior to the final 

design of any PTFE product. 

Additionally, Conte et. al [30] have explained that the transfer film is heavily dependent 

on the temperature of the interface of the contact pair as well as the relative motion 

kinematics, known as the surface conjunction temperature. They have considered a 

stationary condition to describe the energy loss of the system. A stationary thermal 

condition denotes that one particular spot on one of the surfaces is in contact throughout 

the whole sliding motion. Real contact areas on the other surface, are just in contact as 

the asperities passes over them. The deformation energy is negligible as the polymer 

chains have a very high mobility. At the asperities, flash temperatures are formed 

throughout the motion, which means there are local temperature elevations there. The 

authors have therefore employed the laws of energy conversion and a calculation method 

based on the assumptions that the coefficient of friction reaches a steady state value, the 

thermal properties are unchanged during sliding, that the motion results in a steady state 

condition and that the heat source is large compared to the measured area and two 

dimensional (planar). They have described the temperature rise in the asperity, according 

to equation 3.1. 

 

𝑇 =
𝑄

4𝑎𝜆
√
2𝜒𝑏

𝜋𝑎
 

(3.1) 

Where 𝑄 is the added frictional heat per unit of time as the product of the normal load, 

coefficient of friction and sliding velocity, 𝑎 is the contact area, 𝜆 is the thermal 

conductivity, 𝜒 is the thermal diffusivity and 2𝑏 is the contact width. The authors have 

then added this expression to the bulk temperature and could obtain the maximum contact 

temperature. They have found that for both virgin PTFE and for contemporary PTFE 

composites, the temperature initially increases drastically into the pseudohexagonal 
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region, and then stabilizes at 50-100°C. As the temperature rise even a little, crystals slip 

against each other and the weak intermolecular bonds are broken. 

3.6 Materials selection – Bulk 

Even though virgin PTFE has many 

advantageous properties, it suffers when it 

comes to wear rate. A common fix is to use 

some kind of filler material which is used to 

ensure the longevity of the kinematic 

behaviour as well as maintaining the 

structural stability. Here, there is a trade-off 

between friction, wear and cost. 

The procedure for selecting bulk material for 

the chosen lubricant could be carried out in a 

more conventional systematic manner than 

that of choosing a surface and was thus done 

as described by Ashby [4] and according to 

Figure 3.8, where the function of the product 

is first formulated. In this case, it is to create 

an air seal between a piston and a cylinder. 

In other words, it is meant to contain a 

pressure while at the same time letting a rod 

slide through with the least amount of 

resistance possible. The constraints are 

derived from the geometry. The piston has a diameter of 2 mm, and the seal may be at a 

maximum 3 mm in height along with a 6 mm outer diameter, and all deformations must 

remain within the elastic region. Additionally, the material had to be solid, a foam for 

example would obviously leak through its porous bulk which is not acceptable for a 

sealing material. It also must function in the temperature interval and environmental 

conditions described in the specification of demands. The objective was to obtain a 

material with enough conformability when pressurized against a countersurface along 

with low friction and wear during dry sliding. Thus, the free variable to be changed was 

the material itself. The constraints were once again set according to the specification of 

All materials

Design 
requirements

Constraint based 
screening

Objective based 
ranking

Supporting 
information

Material 
Selection

Figure 3.8 Materials selection process according to 

Ashby [4]. 
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demands or in other words environmental durability. The material also had to be a bulk 

polymer and not filled with any potential abrasive fillers. 

The seal has an initial contact width when no pressures are acting on it, and another width 

when pushed against the wall, 𝑏𝑠𝑞 which will be referred to as the squeeze percentage. 

This can be calculated with equation 3.2 which is used to calculate the critical stress 𝜎𝑐 

with equations 3.3 and 3.4. For convenience, the contact area will be regarded as a sphere 

pushed against a flat surface which have also been described in a case study presented by 

Ashby [4]. 

 𝑏𝑠𝑞 = 0,7 (
𝐹 ∗ 𝑅

𝐸
)

1
3
 

(3.2) 

 
𝑢 = (

𝐹2

𝐸2𝑅
)

1
3

 
(3.3) 

 
𝜎𝑐 = (

3𝐹

2𝜋𝑏𝑠𝑞
2)

1
3

 
(3.4) 

Setting up the constraints along with the index to be maximized in equation 3.5 which is 

given by solving equations 3.2 and 3.4 for 𝑏𝑠𝑞 and removing all variables except for the 

material properties gives an indication on what materials are suitable for this application. 

The screening area is presented in Figure 3.9 where a yield strength limit of 100 MPa was 

set as the seal may not damage the surrounding metal surfaces of the housing in any way.  

 𝑀1 =
𝜎𝑓

𝐸
 (3.5) 
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Figure 3.9 First screening of materials for seals. 

Some common seal materials are seen in the bottom left corner, such as NBR and EPDM. 

These elastomers do not have a very high yield strength. PEEK, PEI and PI are three 

materials which show promising properties. PTFE and natural rubber also had decent 

strength. In CES Edupack [28], there is an optimization tool, including one for static seals 

used here and presented in Figure 3.10. Even though this application is dynamic, the same 

parameters should be important to achieve sealing. Now the available materials were 

drastically reduced to only PEEK, PI and PMMA. 

 

Figure 3.10 Contact width vs contact softness - Optimization for static seals. 
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PI – Polyimide 

PI is typically used as gears, piston rings, bearings etc. it is an amorphous thermoplastic 

material. It has a quite high Young’s modulus of ~2 - 2,7 GPa and a yield strength of 86-

89 MPa. The wear resistance is good, and it has a good creep resistance. Processing is 

usually done by powder techniques, but isostatic moulding is also possible [28]. 

PMMA – Polymethylmethacrylate 

PMMA is usually employed for packaging, tool handles and even windscreens for 

motorcycles, this amorphous thermoplastic (known as acrylic) has a young’s modulus of 

2,4 - 3,8 GPa and a yield strength of 65 - 72 MPa. This material has poor fatigue and 

scratch resistance but is quite hard. The material can be injection moulded or machined 

[28]. 

PEEK – Polyetheretherketone 

PEEK is a relatively expensive polymer which can be found in medical devices, injection 

moulded engineering products and aerospace applications. This is a semi-crystalline 

thermoplastic with a modulus of 3,8 - 3,9 GPa and a yield strength of 87 - 95 MPa. The 

material has a high stability in oxygen, good fatigue resistance and a high strength to 

weight ratio, a drawback is the high processing temperatures required for melting which 

makes for higher demands on injection moulding. Compression moulding is also a 

processing option. Addition of PTFE makes for a low coefficient of friction where the 

static and dynamic modes do not differ significantly, making for less stick-slip [28]. 

Table 3.9 Index of merit for the material candidates (the higher the better) 

Material 𝑴𝟏 

PI 3,7 

PMMA 2,2 

PEEK 2,4 

As seen in Table 3.9 the materials fared similarly, but PI had the best properties, followed 

by PEEK and PMMA. However, the final selection now had to be based on which 

material has previously been blended with PTFE and resulted in good material properties. 

The final selection was therefore PEEK, for which previous research was found [32-35]. 
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Conte et.al [28] have explained that fillers is a great way of enhancing properties such as 

the wear resistance of the material due to increased structural stability, and a very 

interesting PEEK filled PTFE composite was presented by Burris & Gregory [32]. They 

have used polished 347 stainless steel as the countersurface with a contact pressure of 

6,35 MPa at a sliding speed of 50 mm/s and achieved an average coefficient of friction 

for virgin PTFE of 0,132 and for a 50/50 PTFE and PEEK compound a coefficient of 

0,111. In fact, most of the composites they tested had a lower coefficient of friction than 

pure PTFE, which is quite interesting since virgin PEEK has a value of approximately 

0,4, comparable to steel against steel sliding friction. The authors believed the low friction 

was due to drawn out PTFE films over PEEK concentrated areas, which in turn slide 

against the usual PTFE transfer film. They described the low friction as a result of PTFE 

fibrils stretching across regions of PEEK lubricating the sliding system. They found that 

a configuration with 32% had the best wear properties, 260.000 times better than pure 

PTFE. Admittedly, not much research has been found on these composites for lower 

sliding speeds and loads, making it difficult to draw any true ultimate conclusion in 

material behaviour for the product developed in this degree project. 

PEEK, or polyetheretherketone, is a semi crystalline thermoplastic which was discovered 

and named by Victrex in the 1970’s. It is colourless and polymerized by step-growth with 

dialkylation of bisphenolate salts. Like PTFE, it displays a wide service temperature range 

and is chemically inert. The glass transition temperature is at 143°C and the melting point 

is at 343°C. The apparent drawback of this high-performance plastic is that it comes at a 

cost, usually in the range of 80-100 euros per kg.  The ether-ether-ketone monomer is 

seen in Figure 3.11 as have been described by Grasmeder [33]. 

 

Figure 3.11 PEEK monomer [33] 
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What is most important for this work is that PEEK can be injection moulded even when, 

to a certain percentage, PTFE is added. This weight percentage is according to a study 

conducted by Lu & Freidrich [34], as they got their test specimens delivered as injection 

moulded parts, up to 40wt.% PTFE.  

For the work done by Burris & Gregory [32], they were restricted to a maximum of 

wt.30% PTFE to be able to injection mould their test samples. The compounds were then 

poured into a twin screw-melt mixer and blended. Furthermore, the authors report that 

the optimum volume fraction of PTFE is about 15% at 1 MPa contact pressure at 1 m/s 

and they believed this was due to a more efficient formation of the transfer film. Another 

fact they state is that harder PEEK particles in a PTFE matrix is prone to grooving as they 

penetrate the transfer film. On the other hand, if the matrix is consisting mainly of PEEK 

this phenomenon seems to be obliterated.  

The mechanical properties of PEEK/PTFE are displayed in Table 3.10 according to the 

work done by Bijwe et al. [35] for the PEEK filled compounds and from tabular data in 

the CES Edupack database [28] for the virgin PTFE. 

Table 3.10 PTFE/PEEK compositions and their mechanical properties 

Property Virgin 

PTFE 

30 wt.% 

PTFE 

22,5 

wt.% 

PTFE 

15 wt.% 

PTFE 

7,5 wt.% 

PTFE 

Virgin 

PEEK 

Density 2200 1584 1518 1452 1386 1320 

Young’s modulus 

(Tensile) [GPA] 

0,5 1,23 1,32 1,43 1,5 3,9 

Flexural modulus 

[GPA] 

0,537 2,4 2,57 2,62 2,98 3,7 

Tensile strength 

[MPA] 

20,7 64,6 70,5 77 84 87 

Hardness [Shore D] 55 80 83 85 90 94 

Elongation at break 

[%] 

200 21 11,2 10,49 10,42 8,87 

 

The researchers [35] investigating these compounds have also found a specific wear rate 

during abrasion when employing pin on disk experiments against stainless steel at a range 

from roughly 3,5-6,5*10-10 m3/Nm in loading ranges from 6-12 N, which is roughly the 

range the product in this work is subjected to. However, for this product abrasive wear is 

to be mitigated and adhesion will be the dominant wear mechanism. 
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3.6.1 Material processing 

Pure PTFE cannot be processed by conventional injection moulding or extrusion due to 

its high viscosity. When melted it becomes a sluggish goo, greatly reducing the processing 

capabilities. 

A very intriguing PTFE product was the PTFE 807N X by Chemours [36]. The material 

is shipped as a granular fluoroplastic resin. This resin displays the well-known 

characteristics of PTFE with the addition that it has a high fill density, which makes 

production and handling easier. Chemours have stated some common applications is 

seals, gaskets and valve seats which is the exact scope of this work. The granulate is also 

compliant with European regulations for food contact, which means there is no risk of 

health hazards when using the material. 

Processing is done by either extrusion or compression moulding, where the latter would 

be suitable for this product were it not for the possibility to injection mould the 

PEEK/PTFE compound. A preform is then made where the granulate is pressurized (20-

50 MPa) and subsequently sintered at 365-380°C. What must be kept in mind is the mould 

shrinkage. 

3.6.1.1 Compression moulding 

Compression moulding is carried out by placing a preheated substrate in a heated mould 

seat whereas the mould is closed with the other half. Pressure is induced into the chamber 

to make the substrate come in full contact with the mould walls and is kept at a constant 

along with a temperature until the substrate is fully cured. 

As relatively high pressures need to be applied during processing, as specified by the 

manufacturer, a technique called hot press moulding is feasible. This is a quite swift 

moulding process which is carried out by using a steel mould on a hydraulic cylinder, 

which generates the pressure. Also, the parts can be cured outside the mould on a jig, 

which speed up the process even more compared to cold press moulding. Up to 10 000 

parts per year is a feasible production volume with this method [37]. 

There are some obstacles in securing good accuracy when manufacturing PTFE products 

as the material has a high coefficient of linear expansion and there may be residual 
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stresses left after sintering. Additionally, it changes phase at room temperature, making 

for volume changes between 1-2% according to Ota & Kawai [38]. 

After moulding, PTFE is often free sintered where the residual stresses are relieved to a 

certain degree. Ota & Kawai [38] have stated that annealing may be a more viable option 

when the tolerances are low, and the product has complex geometries. This is a good way 

of preventing changes in form over time. These after treatments are especially important 

if machining is required after moulding. 

Another aspect they suggest considering is that moulded plastics are anisotropic, meaning 

the compression force applied during the process creates different directional mechanical 

properties in the moulding direction (MD), which is axial to the force direction and the 

cross-sectional direction (CD), which is perpendicular to the force. This phenomenon can 

graciously be overcome by using isostatic moulding. 

3.6.1.2 Isostatic moulding 

The process was first invented for processing metals and ceramics but has over time found 

its way into plastics and PTFE granular powders. The method is presented here in 

accordance to the description which have been made by Francis [39]. Prior to the process, 

the powder is poured into a mould inside a pressure vessel. The mould itself is flexible 

and compresses the powder as a surrounding fluid is pressurized. Since the pressure is 

uniform throughout the geometry, the processed part becomes fully isotropic. Other 

advantages over conventional moulding is that the produce becomes more compact with 

a lower porosity grade and fewer residual stresses are left afterwards, this is mainly since 

the processing takes place in vacuum and the friction between the die wall and powder is 

almost diminished. Conventional compression moulding is also very limited in terms of 

geometry complexness. This is where the isostatic moulding techniques truly shine, as 

complex parts can be manufactured very close to what the finished product is set out to 

be. There are two types of processes which may be used, the wet bad and the dry bag 

methods. In the wet bag process, the dye is not fixed inside the pressure vessel, but can 

be removed and filled outside it. Multiple moulds can then be placed inside the vessel 

simultaneously. In the dry bag process, the mould is integrated into the pressure vessel 

and filled, which is advantageous if the manufacturer wants to automate the process. 
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There are no additional requirements on the powder in comparison to conventional 

compression moulding and parts are sometimes pre-compacted with this method. In this 

case, the elastomeric mould is not required for shaping the product but only compacting 

it to its final specification. As the drybag process is great for axisymmetric geometries 

and relatively production rate friendly, it would be the go-to process for this particular 

product development, were this processing to be used. 

A way of achieving a fine powder is to use jet-milling, which releases the residue from 

conglomerations. Burris & Gregory [32] first mechanically ground and sifted their 

powders, after which they blended them and ran them through the jet-miller. Air jet-

milling was first presented in the late 1800’s and its principle is based on a compressed 

air jet launching solid objects towards a target. The launched particles are then crushed, 

and their sizes may be reduced all the way down to micrometre size, called micronizing. 

As a jet mill have no moving parts, the process is very clean and is not prone to 

contamination of the powders [40]. 

3.6.1.3 Injection moulding 

Using a lower percentage of PTFE along with PEEK as a composite, injection moulding 

is possible at least up to 30 wt.% PTFE according to Bijwe et al [35]. This process is 

much simpler than the compression moulding counterpart. The authors have stated that 

the powders may simply be mixed in a screw extruder at an elevated temperature around 

330-350°C. The extruded compound can then be quenched in water and cut into 

granulate. The granulate is then dried at an elevated temperature of 150°C. 

3.6.1.4 Machining 

Both PTFE and PEEK are easily machined and have a cutting feel like brass. Machining 

is widely used for both processing of bulk material and for fine tuning of moulded parts. 

Turning was performed in the extent of this work and was easily done by someone with 

limited experience of turning. 

3.6.1.5 Extrusion 

Extrusion is probably the most common way of processing PTFE. Both pipes and solid 

rods can be obtained this way, which are then usually machined to the correct dimensions. 
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3.6.1.6 3D Printing 

Printing of PEEK is as of writing this paper available on the market and considered the 

top of the line plastic. However, it has a relatively high melting point and the equipment 

is expensive. PTFE on the other hand releases some toxic fumes and breaks down before 

melting. Even though it would have been a great process for quickly manufacturing 

prototypes, at the point of time of this work, 3D-printing is not viable. It may however 

become so in the future as the technology advances. The company 3M print PTFE as of 

the time this paper is written [41]. 

3.6.1.7 Heat treatment 

Annealing is a common heat treatment for thermoplastics and is done to remove the 

thermal history of components which may have been formed during prior processing, 

such as injection moulding. By annealing the component, the crystallinity is increased, 

residual stresses are removed, and dimensional changes can be mitigated. However, if the 

initial processing parameters are good, annealing should not be required. Information 

regarding material handling and heat treatments required are supplied by the 

corresponding plastics manufacturer. 

3.6.2 Concluding remarks on materials selection 

It is evident that a PTFE/PEEK composite is truly advantageous for this application as 

the PTFE frictional properties are retained at the same time as the wear properties are 

increased. As compounds such as glass fibre filled PTFE, or when additives such as MoS2 

or carbon black are used, there seem to be potential undesirable scuffing and scratching 

of the countersurfaces. The addition of PEEK even improves other mechanical properties 

which has been discussed and deemed as potential threats to the function of the product, 

such as creep and thermal relaxation. 

Thus, it was decided that injection moulding was the best manufacturing method, as it is 

readily available, relatively inexpensive, and simplistic in comparison to the other 

options. A screening was made in CES Edupack [28], where a range of section thickness 

from 0,5 to 1 mm was set and circular prismatic geometry was declared. The software 

recommended injection moulding alone. It is believed some post processing must be done 

after moulding to get rid of beards and refine the surfaces of the design. 
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Now, there are three aspects of polymer tribology which must be understood before 

proceeding. Friction when polymers are involved are dependent on contact load, sliding 

velocity and temperature. According to Briscoe [42], who have compiled lots of 

information regarding PTFE sliding along with other polymer tribology, researchers have 

found there is a region where the coefficient of friction is independent of the contact load 

which one study showed that loads between 2-15 N had no impact, another that 10-100 

N was that span of this region, and a third that there were no effects within 10-40 N. 

Outside this span, below 1 N the friction seem to decrease with increasing load according 

to researchers. For loads above 100 N the friction coefficient increases with an increasing 

load, which was explained by plastic deformation of asperities. 

As Briscoe [42] have described, the velocity impacts the friction if there is a temperature 

rise for polymers. If the temperature is low, there should be no significant effect on 

friction by the sliding speed. According to the author, researchers have stated that this is 

true for PTFE and other plastics within the span of 0.01-1.0 cm/s. If the temperature is 

high there may be a strong dependence, as the glass-temperature approached. Reports on 

temperature independent PTFE have been made between 20-80°C and a slight 

dependency for the cryogenic side of temperatures from -40 to 20°C has been reported. 

However, other research indicates a dependency, why it must be investigated further 

before drawing any absolute conclusion.  

In the case of this study temperatures won’t have such a huge impact on friction as the 

piston strokes are very small and there are resting times in between every stroke which 

will relieve the material of additional heat before the next stroke. 

3.6.3 Energizer spring 

As it was decided that some kind of energizing element was required to achieve sealing 

at low fluid pressures, a search for good spring materials was first carried out. The 

conventional U-seal described in section 1 was regarded, where a steel garter spring is 

used alongside the fluid pressure. Materials selection for spring design has already been 

conducted by Ashby [4], where it is stated that the function of a spring material is to store 

as much energy as possible. The constraint of a spring is that the internal stresses may not 

exceed the yield stress. 
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The objective of the energizer in this work was set to store as much energy as possible to 

a minimal cost, and the free variable was the material selection. All material types were 

regarded and screened according to equation 3.6 which gives a merital value of equataion 

3.7, where the stress must be smaller than the yield stress 𝜎 < 𝜎𝑓. 

 𝑊𝑣 =
1

2

𝜎2

𝐸
 (3.6) 

The value to be maximized when searching for materials becomes equation 3.7 

 𝑀1 =
𝜎𝑓
2

𝐸
 (3.7) 

The modulus of elasticity and yield strength was then plotted in Figure 3.12, and a line 

was drawn with a slope of 𝑘 = 2. The search region is now to the right hand side of the 

line and the best materials included some elastomers which are known to be good at 

storing energy while they are cheap and readily available. Metal alloys are also presented 

as viable options, though some of them, titanium for instance, is very expensive. Carbon 

fiber reinforced plastics was also presented as a good candidate, though the manufacturing 

methods required would not be very well suited for tiny applications. Low alloy steel is a 

cheap and reliable candidate, commonly used for springs, where it is reffered to as spring 

steel. 
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Figure 3.12 First screening of spring materials (Young's modulus vs Yield strength) 

A second plot was made, where the material bulk price was also regarded, and the value 

of merit was changed to equation 3.8. 

 𝑀2 =
𝜎𝑓
2

𝐸 ∗ 𝑐𝑚
 (3.8) 

Now the more expensive candidates were absent from the search region of the chart, and 

only six candidates were left, as can be seen in Figure 3.13 where some information is 

presented from the material database CES EduPack [28] in Table 3.11. 

 

Figure 3.13 Youngs modulus/Price vs Yield strength/Price 
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Table 3.11 Materials left after screening (the higher the value the better) 

Material 𝑀2 Comment 

Low alloy steel 0,14 Commonly used in springs and consisting of small 

additions of chromium, molybdenum, nickel and carbon. 

Carbon black reinforced styrene 

butadiene rubber 

4,26 Commonly used in tyres, non-recyclable. 

Polyurethane 0,38 Usually processed to a foam for use in for example 

bicycle saddles. 

Natural rubber 21,50 Cheap multipurpose elastomer, but with poor oxidation 

resistance 

Polyisoprene rubber 15,27 High tear resistance and low hysteresis, commonly used 

in belts, seals, shoes etc. 

Polychloroprene 0,53 Known for use in wetsuits with good toughness and tear 

resistance. 

It is evident that all the elastomers show better energy storing properties than the steel. 

However, when use in oxygen gas and oxidation is regarded as a constraint, they fall short 

and only the steel has a limited use, which can be improved by selecting a proper surface 

treatment. Also, as a restraint of a minimum of 10 MPa in yield strength was set, which 

was needed as the spring would have a very small cross-sectional area, only the steel was 

left. 

Selecting the steel was in this case constrained by the material classes provided by 

manufacturers at the miniscule dimensions needed. It was found that one manufacturer, 

Lesjöfors AB [43], provided compression springs with thread diameters as small as 0,2 

mm. The material available was EN-10270-1-SH, which is a cold drawn unalloyed spring 

steel. The standard states that a thread class for static applications is to be used for 

applications such as this, where there are no regular dynamic loads. The last two 

characters (SH) tells that this steel is made for static applications and has a high tensile 

strength. According to the manufacturer, the steel has an operating temperature of -40 to 

120°C, which is more than enough for the demands derived from the product specification 

of this work, and it should be tempered at 250 to 350°C after shaping. 

A surface coating had to be selected for the springs, as the bare steel has poor corrosion 

resistance and only has limited use in oxidative environments. Some common surface 

treatments are nickel or chrome plating, which are advantageous in terms of corrosion 

and wear resistance, they may however crack if the deformations of the springs are too 

large. PTFE coatings are also possible, as has been highlighted earlier this material has 



 

 

62 

great resistance to attacks from the environment and makes for low wear on 

countersurfaces, why it was the go-to coating in this case. 

 

Figure 3.14 Section of the garter spring 

The design of the spring was carried out by calculating the stiffness for a selected wire 

dimension of d = 0,25 mm suitable for spring diameters of D = 1,67 mm, which were 

picked due to the dimensional constraints of the seal design and the fact that these 

dimensions were available at a manufacturer. Even though this would be a garter spring, 

of which a section is shown in Figure 3.14, meaning it is a compression spring bent to a 

circle, the stiffness was approximated as if it would have been straight and the equations 

are derived from Carlson [44]. The Young’s modulus was set to 210 GPa, and Poisson’s 

ratio to 0,3. The stiffness was calculated according to equation 3.9 as have been described 

by Björk [45]. 

 𝑘 =
𝐺∗𝑑4

8𝐷3𝑛𝑎
  (3.9) 

Where 𝐺 = 𝐸 2(1 − 𝜈)⁄  = 150 GPa. The number of coils 𝑛𝑎 was then to be varied to so 

that the stiffness could be varied depending on the required contact load for the sealing 

surface. The deflection on the spring could be calculated with equation 3.10 where 𝐷𝑠ℎ𝑎𝑓𝑡 

is the shaft diameter and 𝐷𝑖,𝑓𝑟𝑒𝑒 the free inner diameter of the spring respectively.  

 𝑓 = 𝜋(𝐷𝑠ℎ𝑎𝑓𝑡 − 𝐷𝑖,𝑓𝑟𝑒𝑒)  (3.10) 
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The circumfacial force could now be calculated by multiplying 3.9 and 3.10 where the 

results are found in appendix IV. Different forces can be achieved by varying the number 

of active coils in the spring. The radial compressive force the spring exerts on the shaft 

could be approximated by doubling this value as aspects like friction which probably 

affect the compression somewhat is not taken into consideration according to Carlson 

[44].  

In helical springs, stress concentrations form at the inside of the diameter, why it must be 

determined whether the material has a high enough shear strength to cope with the loading 

case. The maximum shear strength in the spring is calculated as in equation 3.11, where 

𝐾𝑠 is the static shear factor which is dependent on the geometry and calculated as equation 

3.12. 

 𝜏𝑚𝑎𝑥 = 𝐾𝑠 ∗
8𝐹𝐷

𝜋 ∗ 𝑑3
 (3.11) 

 𝐾𝑠 =
2𝐶 + 1

2𝐶
 (3.12) 

Where 𝐶 =
𝐷

𝑑
. Keeping the spring together in a circle is done by tapering one end of the 

spring to make a male-female connection as seen in Figure 3.15. The outside diameter of 

the male end is a bit larger than the inside diameter of the female end, which makes the 

coils lock with each other and maintain the shape of the spring, this is a quite common 

practice in garter springs, other designs usually consist of end loops, alike the ones found 

in ordinary tension springs. 

 

Figure 3.15 Male-female spring connection. 
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3.6.4 Seal housing and rod 

Other than the seal itself, a housing design is needed along with a selection of a suitable 

material for it and the rod/cylinder which slides within it. These parts should not be worn, 

why they should have superior wear properties to the seal, as this in a worst-case scenario 

could be replaced. It is to be noted that the housing materials should be able to dissipate 

heat as the seal compound does this poorly, even though frictional heating should not be 

an issue. 

3.6.4.1 Housing design  

For the seal to function properly, the seat in which it should be placed had to be modelled. 

For this type of seal, it was concluded that its feet had to be properly fixed so that only 

the sliding area of the seal can move as it is pressurized. Another important aspect is the 

contact force bias, which must be big enough for the seal to function at pressures not 

enough to push the seal against the rod wall on their own, why a slot for the garter spring 

had to be included. It is ideal if the seat is split in two halves since it makes assembling 

the seal much easier as well as making coating possible if needed. All edges in the seat 

was fileted, as sharp edges may give rise to stress concentrations or cutting of the seal. 

Holes were placed in the outside of the walls from the pressure side to let the pressure 

energize the seal. For ease of assembly, the housing should be split at the red line in Figure 

3.16. Housing sections can readily be assembled by threading or bolting and sealed with 

static O-rings or gaskets. 

 

Figure 3.16 Seal housing design 
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3.6.4.2 Materials for housing and rod 

Two factors were important for the selection of housing and rod material to minimize 

wear and achieving a surface texture as fine as possible to mitigate leakage. It was decided 

that the selection of materials in this case had to begin with obtaining the best surface 

properties, and thus surface treatment. The bulk material is only constrained in that it has 

to be able to withstand a hydrostatic pressure of 16 bar and it has to be machinable. 

Guidelines for PTFE seal countersurfaces have been found and 0,05 to 0,2 µm are 

reccomended for dynamic surfaces in air media [46,47], a coated surface must therefore 

be polished before use. 

• Objective: Minimize surface roughness and wear. 

• Function: Act as a pressure vessel and moving parts. 

• Constraints: Machinable, withstand 16 bar of hydrostatic pressure, does not 

oxidize in gas, much harder than PEEK, good heat conductivity. 

First, the constraints were added and the objectives were plotted in CES Edupack [28]. 

As seen in Figure 3.17, the methods giving the finest surfaces are anodizing, aluminizing, 

electro-plating, PVD-plating and boriding.  

 

Figure 3.17 Hardness vs surface roughness in different surface treatments 

Anodizing 

Anodizing is mainly done on aluminium components, nonetheless zinc, zirconium, 

titanium and magnesium can also be treated. Basically, the oxide film formation is 
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thickened by this electrolytic process. The oxide resists both abrasion and corrosion and 

makes for a relatively cheap treatment [28]. 

Aluminizing 

Aluminizing is also called aluminium diffusion and is used to protect steels from 

corrosion in high temperature gas. In short, aluminium vapour diffuses into the steel 

surface and forms a uniform intermetallic iron aluminide compound, even on complex 

geometries [28]. 

Electroplating 

Electroplating is suitable for most metals, but polymers and ceramics can also be plated 

if first coated with a conductive material. Coating of complex shapes are dependent on 

the plating bath, which need a high surface coverage to make the coating possible. 

Common coating materials are nickel and chromium which makes for hard and wear 

resistant surfaces. Heat treatment may be required after plating as stresses may build up 

during the process. This process requires expensive equipment, but as the tooling is cheap 

it is a good process when manufacturing larger batches of small components [28]. 

PVD plating 

Physical vapour deposition (PVD) provides thin metal coatings on any material, where 

the coating is deposited as vapour onto the substrate. As for electroplating, this method is 

suitable for larger batches [28]. 

Boriding 

Boriding may be applied to steel or cast iron and there is a size increase of the component 

after the process is done. The surface layer is very hard, and particularly resistant to 

erosive wear and cavitation, why it is usually used in pumps and valves. The major 

downside of this treatment is the cost [28]. 

Now, taking economical aspects into consideration, where low tooling and labour costs 

are desirable, only anodizing, electro-plating and PVD plating are left as viable options. 

The selection proceeded with finding which substrate materials would be the most cost 

effective in terms of yield strength and fracture toughness where the housing was thought 
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of as a pressure vessel as presented by Ashby [4], which in this case should be able to 

withstand an internal pressure of 16 bar on top of which a safety factor of three was 

multiplied. Lames formulas for thick walled pipes were used to determine the maximum 

stresses for a cylinder with an internal diameter of 3 mm and an external diameter of 9 

mm (as a minimum recommended wall thickness). A maximum hoop stress of 7.68 MPa 

was estimated so the minimum yield stress acceptable was set to 10 MPa in the search 

process. Furthermore, fracture toughness per bulk price was plotted against the yield 

strength per bulk price and constraints were added in terms of machinability and use with 

oxygen. The screening resolved that brass or aluminium alloys were the best materials 

available for this purpose as shown in Figure 3.18. 

 

Figure 3.18 Materials suitable for the housing. 

Brass 

A copper – zinc alloy which is often used in valves, pump parts etc. due to its good 

corrosion resistance along with the fact that it is readily machined and formed. There is a 

range of brass types to choose from with various zinc percentages. The more zinc is in 

the alloy, the harder, and stronger it becomes but the modulus of elasticity decreases [28]. 

Aluminium alloys 

There is a wide range of aluminium alloys which may be cast, wrought and/or age 

hardened. These are light, strong and have a good corrosion resistance. It also creates a 

protective oxide layer, which may be enhanced with anodizing. However, they are not 
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well suited for sliding applications, as the fatigue strength for the strong alloys are poor, 

and they tend to scuff [28]. However, there should be no metal to metal contact in this 

case. 

With this knowledge, brass was chosen as the housing and rod bulk material, which was 

to be expected as it is the material usually used for this kind of application. This left only 

electroplating and PVD plating possible as surface treatments. Readily available materials 

for surface coatings are nickel and chromium which are usually electroplated onto the 

metal substrate, these provide good corrosion resistance, high hardness and make for 

durable products. The most common surface coatings are nickel due to its corrosion 

resistance and good finishing properties. A second layer of chromium may be deposited 

to increase the corrosion resistance even further. In harsh environments, a film thickness 

of 25 µm is recommended. A 5 µm chromium layer may then be deposited [48]. It was 

decided to go with this coating as it provides the properties which was looked for. Again, 

this surface must be polished. 

3.7 Embodiment & detailed construction 

The function of the design was first thought to be evaluated by rough hand calculations, 

but this proved to be next to impossible due to the complex geometry, materials selection 

and so forth. Therefore, it would have been pretentious to include it in the process. 

Instead, and the aspects were investigated by consulting literature and carrying out FEA 

simulations.  

• How should the hinge mechanism be modelled? 

• What forces and effective pressure areas are needed on each side of the seal? 

• What should the surface profile look like? 

• Are any additional parts needed to ensure the function? 

Belforte et al. [21] created the hinge function by introducing a weak part of the PTFE lip. 

The weak part was essentially a thinning of the cross section which reduced the stiffness 

of that area. This method seems most compelling for this application as well. 

For the effective areas worked by the pressures it was concluded that the inside force 

pushing the lip against the wall must always be larger than the outside force, therefore the 

inside length must be larger than the outside length of the lip. 
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This leads to the surface profile having to seal closer to the hinge of the lip rather than on 

its apex. To make manufacturing more cost effective and to achieve a simpler seal, it was 

decided not to use a rubber part. Instead, the seal lip of the first design was extended into 

another set of weak points, acting much like a bellow as seen in Figure 3.19. The red parts 

are where the pressures are acting. Further than that, manufacturing limitations were 

disregarded at this point for the sake of finding good seal mechanisms easily and in an 

open-minded manner.  

 

Figure 3.19 First design of the seal.  

3.8 Geometric model 

A first version of the seal was modelled with CAD software as shown in Figure 3.16. The 

blue area is the cross section of the seal and the red parts the pressure affected areas. As 

seen at the bottom of the image, there is a weak part which was supposed to work as a 

hinge, the topmost part is also weak and was designed to elongate as the outer chamber 

is pressurized. The inner diameter was 2 mm and the outer diameter 6 mm. The width of 

the seal was set to 3 mm (socket edge to socket edge). On the pressure side, holes were 

put to lead the pressure inside the seal. Figure 3.20 shows the whole cross section of the 

seal prototype design. 
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Figure 3.20 First seal design cross-section. 

At this point, it had to be decided what wall thickness was needed in the weak parts, how 

long the socket would need to be so that the seal would not pop out during sliding and 

what the resulting forces were. Additionally, the effect the holes would have on the 

rigidity of the seal had to be investigated. 

3.8.1 FEA model 

A rough finite element analysis was carried out in the software Ansys, where the 

estimated geometries were modelled and subjected to a pressure on the topmost side and 

inside of the seal. This model was imported from the CAD software and a cross section 

was cut to reduce the processing time. The mechanical properties of the compounds were 

assigned, and the material was regarded as linear elastic, which is not really the case but 

had to be used as an estimation. As time dependency was not to be examined this was 

enough for the scope of this work. At the time of writing this paper, there is the authors 

knowledge no material models comprised for PTFE/PEEK compounds available for the 

public. Thus, the simplification of regarding it as elastic-plastic was recognized to have 

been done by others for PTFE [49]. Furthermore, it is assumed the yield stress is not 

surpassed anywhere in the seal, which results in the simplification that the deformation is 

elastic. On the inside of the seal a piston was modelled as a brass rod and surface to 

surface contact was specified. The seat part of the seal was constrained radially, and the 

lower outside constrained axially. The stress field is seen in Figure 3.21. This simulation 

was run for the sake of determining how the stresses were distributed. 

Pressurized inside 

High pressure side of the piston/rod 

Low pressure side of the piston/rod 

Seat 

Seat 
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Figure 3.21 FEA simulation aimed to determine where stresses are working. 

There are as one would expect stress concentrations in the bellow like parts, at the small 

radii. This gave the insight that those had to be increased and an additional calculation 

had to be carried out, specifying the critical radius. The simulation also expressed that the 

bellow walls had to be adequately thick, so that the seal would not be squished by the 

pressure and lose its shape. However, the model seemed to show that it was completely 

feasible to make such a seal work under pressurized conditions. 

3.8.2 Design changes 

Due to the insights obtained from the FEA some design changes were implemented to 

improve the results and as the design was obviously not good in terms of manufacturing.  

A prospect was to make the seal symmetric instead. This would make the seal work two 

ways if necessary. A disadvantage is that the pressure would have to be led in from the 

housing instead of through the seal itself, which may increase its manufacturing costs, but 

on the other hand, no holes in the seal are then needed. The altered model is presented in 

Figure 3.22, where an additional weak point could be placed in the middle, making the 

triangular innermost part of the cross-section more prone to press on the cylinder when 

pressurized. 
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Figure 3.22 The seal design after the first changes were made. 

At the then current state, further investigations regarding how the pressure side would 

affect the seal had to be made. A second simulation was made where the contact surfaces 

were investigated in the FEA software Ansys. The sliding surfaces are shown in Figure 

3.23 and the simulation showed a constant sliding with neither sticking nor separation of 

the surfaces.  

 

Figure 3.23 Description of the contact geometry, the ring in the middle is the area where sliding occurs. 
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The seal had the properties of the PEEK/PTFE-compound presented in Table 3.9 and the 

rod was set to brass but might as well have been represented by a rigid body since the 

difference in Young’s modulus, and elongation is large between the two materials. The 

coefficient of friction was set to 0,04 resulting in negligible friction induced stresses. An 

additional run was made with it set to 0,1 which may be deemed to be a reasonable result 

during the experimental tests, but it showed no cautioning frictional stresses either. The 

system was pressurized as it would be in the pneumatic cylinder and the rod was displaced 

in a reciprocating motion.  Figure 3.24 displays the deformation distribution in the radial 

direction, as is shown the major deformation takes place in the upper part of the inside of 

the seal, which is pinching the rod. 

 

Figure 3.24 Distribution of deformation after a first run. 

After the first finite element analysis had been carried out, a sense for the parameters 

affecting the function had been established. Furthermore, a contact force analysis was 

carried out and the simulation showed that an increasing pressure indeed lead to an 

increased contact force. The spring was not included in the simulations as it was regarded 
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as an optional addition to secure sealing at low fluid pressures. What was of interest going 

forward was the effect of the system pressure. 

  

Figure 3.25 Force reactions due to hydrostatic pressure. 

As pressures were added to the design, as seen in Figure 3.25 where they are represented 

in red, the force reaction increased from 1,93 N at 7,5 bar, 2,36 N at 9 bar, 2,82 N at 10,5 

bar and lastly 3,27 N at 12 bar. This set the foundation for investigating further 

improvement of the design. The “feet” were removed as they would make manufacturing 

much more difficult and as they did not really have any purpose. 

3.9 Design of experiments 

It was decided to proceed with an experimental design approach. A set of eight parameters 

in total was set up to be tested in a reduced factor design as three and four factor 

correlations was deemed to be very unlikely, leading to 24 = 16 possible solutions. The 

parameters selected were: 

• Height of the seal wall 

• Topmost weak point radius 
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• Weak point radii of the sides 

• Wall thickness 

• Inner width 

• Young’s modulus 

Low and high values were selected for each parameter in order to find out how they 

influence the function as presented in Figure 3.26. 

 

Figure 3.26 Drawing showing which parameters were considered during the experiments. 

Several iterations were made where the geometric model was analysed and refined to 

achieve as good a result as possible. It was settled that the contact pressure decreased with 

an increasing Young’s modulus, which is to be expected as the seal becomes more rigid 

with it. Both the radii made the contact pressure smaller and width, height and wall 

thickness did not have significant impact, which was not anticipated. However, the width 

and wall thickness had a positive correlative effect, and so did the width and height (the 

inclination angle) as well as the wall thickness and weak-point radius of the top. 

Additionally, the width, wall thickness and height correlated in a negative manner. The 

trends are presented in Appendix V. The software MODDE Go was used to evaluate the 

design experiments and find the optimal values for all factors. The software concluded 

that a low height and high width was virtuous, this means a blunted peak is better than a 

sharp one, the angle should be kept at a minimum, but it still had to be large enough to 

make a distinct contact area. The Young’s modulus should obviously be minimized, and 
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the side radii had to be changed, which will be discussed further on. An estimated contact 

force of 6 N should be feasible to obtain. 

As the effects of the factors was estimated, a refined model could be furnished. The 

young’s modulus was set to a fixed value of 1,3 GPa during these tests and the side radii 

were removed. Additionally, the width and height were combined and replaced with the 

resulting angle. This way the design of experiments could be reduced to 23 trials according 

to Table 3.12. High and low values were set around the values of the previous experiment 

resulting in positive trends. 

Table 3.12 High and low values for parameters changed. 

 Parameter High  Low  

 Angle 15  10  

 Wall thickness 0,6  0,4 

 Notch radius 0,3  0,2  

Now, most of the parameters had estimated effects approaching zero, meaning the optimal 

geometrical parameters had been found as seen in Table 3.13. The wall thickness was the 

only parameter still showing some negative effect, why it was set to be at the low level.  

Table 3.13 An experiment showing that the wall thickness has a significant negative impact on the contact force 

 

As the correlative effect of ABC was zero, a reduced test run was made with side notches 

on the other side of the wall thickness, as seen in Table 3.14. This had a positive impact! 

Interestingly, the notches remove the significance of the wall thickness, which is 

understandable. The angle did not change, and the top radius obtained some undesirable 

values. Important to note is that the span of the magnitudes are very small. 

Angle Wall thickness Top radius

No. A B C AB AC BC ABC 7,5 bar 10 bar 12 bar

1 -1 -1 -1 1 1 1 -1 1,7 2,4 3

2 1 -1 -1 -1 -1 1 1 1,7 2,5 3,1

3 -1 1 -1 -1 1 -1 1 1,4 2,1 2,7

4 1 1 -1 1 -1 -1 -1 1,4 2,1 2,7

5 -1 -1 1 1 -1 -1 1 1,7 2,4 2,9

6 1 -1 1 -1 1 -1 -1 1,8 2,4 3

7 -1 1 1 -1 -1 1 -1 1,5 2,1 2,6

8 1 1 1 1 1 1 1 1,5 2,1 2,6

Effect 0,03 -0,41 -0,03 -0,02 0,02 0,03 0

Contact force [N]
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Table 3.14 Results when the side notches were added 

 

The angle and top radius now formed a positive 

correlation, but the top radius itself had an equal 

negative effect, making the sum close to zero. The 

angle and wall thickness had a correlative negative 

trend, meaning these should be minimized. The side 

radii were the overwhelming positive factor, adding 

these could increase the force to a large extent. Trial 

number tree gave rise to the highest contact pressures. 

The design of the seal with the top radius parameter 

set to low is seen in Figure 3.27. 

3.9.1 Three factor experiment 

A final experiment was conducted with a three-stage setup. At this point it was evident 

that the radius and thickness could be optimized with respect to each other. The effect of 

the inclination angle was indeed negligible. The results are presented in Figure 3.28 

through 3.31. There was no apparent hazard from stresses induced by the pressure, 

meaning the seal is robust enough for the application while not taking creep into account. 

Trial Angle Wall thickness Top radius Side radii

No. A B C AB AC BC ABC 7,5 bar 10 bar 12 bar

1 -1 -1 -1 1 1 1 -1 1,7 2,4 3

2 1 -1 -1 -1 -1 1 1 2,2 3,1 3,9

3 -1 1 -1 -1 1 -1 1 2,2 3,3 4,2

4 1 1 -1 1 -1 -1 -1 1,4 2,1 2,7

5 -1 -1 1 1 -1 -1 1 1,8 2,5 3,1

6 1 -1 1 -1 1 -1 -1 1,8 2,4 3

7 -1 1 1 -1 -1 1 -1 1,5 2,1 2,6

8 1 1 1 1 1 1 1 1,9 2,7 3,4

Effect 0 -0,08 -0,38 -0,37 0,35 0 0,84

Contact force [N]

Figure 3.27 Seal with side notches. 
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Figure 3.28 Contour response of the contact force showing the radius and thickness should be high whilst the angle is 

of lesser concern. 

In Figure 3.28, the contact force as a function of wall thickness and inclination angle at 

different weakening radii is presented. It is once again evident that an increase in the radii 

give rise to higher contact forces, and an optimum angle seem to have been achieved as 

seen by the minimums of the curves at the higher force magnitudes. The residuals (Figure 

3.28) along with the observed vs predicted values (Figure 3.29) shows that the trials 

resulted in a good model fit. This indicates the result is accurate to some extent. It must 

be emphasized that these trials depend heavily on input parameters for the FEA model, 

for instance, changing the contact calculation method may alter the results. Tests were 

run with multiple methods, namely the penalty method, augmented Lagrange and normal 

Lagrange, and they showed no large differences. As argued in the previous chapters. The 

Lagrangian methods should display more accurate results as the model was seemingly 

quite sensitive to the contact stiffness. The conditioning number for the experiment, as 

shown in Figure 3.29, is a bit high which makes it more sensitive to errors and could 

potentially render unreliable results. However, it is in an acceptable range and as the point 

of interest is only how the parameters are affecting the force while the exact numerical 

numbers are of lesser concern as of now, it may be concluded that the parameters affecting 

it the most has been found. For a real-world experiment, the results would most probably 

be significantly different from these due to environmental factors.  
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Figure 3.29 Residual plot showing the normal probability of the contact force. 

Figure 3.30 shows the significance of each geometry variable, as presented, the most 

significant ones are the thickness (t) and the radius (r). The angle of the wall also plays a 

role, even though it is minor. Interestingly, there are also negative quadratic relationships 

in the angle and thickness as well as a positive relation between the angle and thickness. 

This is an example why factor experiments are superior to testing one parameter at a time, 

it detects these relationships which would otherwise have been overseen.  

 

Figure 3.30 Observed vs predicted values. Any value diverging from the straight line should be investigated. This plot 

showed good values, which should be the case in a computer simulation as there are no interfering factors. 



 

 

80 

 

Figure 3.31 Significance of the parameters, a=angle, t=thickness, r=radius 

In Figure 3.32, a model of the optimal design is presented which has the parameters given 

by the MODDE software in Table 3.15. The run subsequently resulted in specific values 

given by the software optimizer tool. This design was clearly not rigid enough and the 

wall thickness was too small, why a design for manufacturing stage was commenced. 

Table 3.15 Optimal parameters from the tested data 

Angle 28,5 

Thickness 0,77 mm 

Radius 0,38 mm 

Contact force 8,7 N 

 

Figure 3.32 Optimal design for maximizing the contact force. 
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3.10  Design for manufacturing 

As the significance of different parameters were settled, focus was moved to the 

manufacturing process and what limitations were present in injection moulding. Here, 

there are some parameters which are paramount to achieving a good product in the end 

and design guidance was taken from Du Pont [50]. First, the wall thickness should be 

held at a constant as differences may lead to difficulties controlling the dimensions or 

warpage. Furthermore, plastics are very sensitive to notches and sharp corners, as stress 

concentrations will form there and potentially lead to failure. A general rule is that radii 

should be at least half of that of the wall thickness. An important factor for this product 

is the design of the hinges, here radii should be used to make the melt flow more readily 

during manufacturing, additionally, bending is wanted at the thinnest point of the section. 

With this knowledge at hand, a failure modes and effects analysis (FMEA) was carried 

out to identify possible faults with the design and is presented in Table 3.16. 

Table 3.16 Product FMEA 
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1 Seat Clogging Seal not 

pressurized/cylinder 

malfunction 

Contaminants 

in fluid 

10 1 3 3,3 Service 

2 Feet Leakage Sealing malfunction Wear/pressure 

distribution 

10 3 3 10 Service 

3 Hinge Too weak Seal behaving in 

unpredictable 

manner 

Poor design 

assessment, 

creep, stress 

relaxation 

10 2 5 25 Re-iterate 

the design 

process 

4 Contact 

surface 

Excessive 

wear 

Malfunction Exceeded 

service life, 

poor material 

selection 

10 3 1 30 Lab-testing, 

new material 

selection 

5 Cylinder Wear Increased leakage Contaminants, 

abrasive 

particles 

5 3 9 1,6 Lab-testing, 

hard coating 

6 Cross 

section 

Unexpected 

behaviour 

during 

loading 

Too thin, impurities 

from 

manufacturing,  

Poor 

processing 

quality, poor 

design choices 

5 2 1 10 Validate 

quality of 

processing 

7 Energizing Too low Leakage at low 

pressures 

Contact 

pressure not 

big enough 

3 7 7 3 Use of 

spring 

8 Energizing Too high Friction force too 

high 

Spring, seal 

geometry 

6 5 10 3 Remove 

spring, 

decrease 

side radii 
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The most hazardous risk would be if the seal starts leaking uncontrollably, which could 

potentially lead to catastrophic failure. It is therefore of outmost importance that a service 

life is specified for the end-product as well as safety features preventing any unwanted 

behaviour if a potential leak hazard is detected. Extensive field prototype and field testing 

is clearly required. 

The design was reiterated, and the result is shown in Figure 3.33 As can be seen, the feet 

of the seal was set to comply to the rule of constant wall thickness, and the hinges were 

moved inwards to simplify the geometry of the moulding tool. The wall thickness, which 

for PEEK has to be a minimum of 0,5 mm for injection moulding [51] was set to 0,8 mm, 

which was concluded earlier as a good thickness. All radii were set to half of that value, 

namely 0,4 mm. An initial FEA-run showed even higher contact loads could be obtained 

with this design.  

 

Figure 3.33 The seal assembled with the spring in the housing. 

The optimization test was run again with the new constraints. This time, the thickness 

was fixed to 0,8 and only the angle and notch radii varied. As the test concluded the angle 

was not very significant, it was set to 16° and the very significant notch radius to 0,3. The 

harsh angles were smoothened out for the manufacturing and then a contact force of 6,1 

N at 12 bar of fluid pressure difference was obtained. This force was regarded as good 

since the maximum friction force was approximately this force times the coefficient. As 

the contact area is very small, the average contact pressure in this case is 5,3 MPa. The 

feet of the seal had no impact on the contact load through all the experiments conducted 

why they were widened a bit to comply to the manufacturing constraints. A second run 
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showed only a miniscule change in contact force. The final design is presented in Figure 

3.34. 

 

Figure 3.34 Final seal design. 

 

With the coefficients of friction for PEEK/PTFE reported by others [31,32], the resulting 

friciton force should be smaller than the maximum acceptable stated by the project 

commissioner. Even though they tested the friction for much higher loads, the coefficient 

should be similar for the modest loading magnitude presented here. In fact, friction 

coefficients up to 0,1 is acceptable as this would give an approximate friction force of 0,6 

N. This concludes this thesis and it is concluded that notch radii angle and, to the extent 

of size restrictions, the wall thickness are significant. Future designs may after additional 

work be optimized for a pre-determined contact load, which is obtained from the 

acceptable leakage flow. In this case, a spring is probably not needed and may contribute 

to an additional force which makes the friction force supercede the acceptable value. This 

has to be taken into consideration and tested experimentally for future configurations. 

A stress analysis was carried out on the final design for the instantaneous loading case, 

the result is shown in Figure 3.35 which shows the maximum stress present is around 8 

MPa at a hydrostatic pressure of 16 bar. The tensile strength of the compound should be 
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around 65 MPa so this stress should not be an issue, it is also to note that this stress is 

located at the edge of the constrain representing the housing. As this is a sharp edge in 

the simulation, this stress concentration will not be as severe. The gravitational force on 

the seal would be around 0,0005 N, which is negligible no matter of how the seal is 

oriented. Thus, the seal design did comply with the product specification formulated by 

the project commissioner. A CAD-model with the garter spring installed is seen in Figure 

3.36.  

 

 

Figure 3.35 Stress distribution of the seal subjected to a fluid pressure of 16 bar. 

 

Maximum stress 

Contact area 

Constraints  
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Figure 3.36 3D-model of seal with garter spring. 

3.11 Cost estimation 

A rough estimate of the total cost for manufacturing the seal could be made. No 

estimations on the housing or rod were made as the full design and manufacturing 

procedures were not covered within this project. PEEK costs 808 SEK/kg and PTFE 92 

SEK/Kg. The seal has a volume of 1,5*10-7 m3 making each seal weigh 0,00025 kg. The 

tool life was estimated for 100000 units since this is around the economic batch size when 

using injection moulding [28], and its investment cost to be 400000. The production rate 

may range from 60 – 3000 units per hour depending on the tool and machine parameters. 

It was estimated that 75% of the material could be utilized. Machine time cost is estimated 

to approximately 100 SEK /kg as it is obviously more cost effective to lease the 

manufacturing than it would be to do it in house and build a factory. The cost for the 

garter spring was estimated from previous experience. It must be noted that these are very 

rough estimations based on average prices found from different sources [28,51]. The total 

cost is presented in Table 3.17. 
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Table 3.17 Rough cost estimation 

Direct material costs 
  

PEEK 808 SEK/kg 

PTFE 92 SEK/kg 

Garter spring 3 SEK/unit 

Price/part 3,19 SEK/unit 

Direct manufacturing costs 
  

Tool 400000 SEK 

Units/tool 100000 
 

Machine time 0,025 SEK/unit 

Total 7,21 SEK/unit 

The total cost of 7,2 SEK per unit is quite low and, it would probably be a bit higher as 

labour costs for mixing and preparing the composite blend is not considered here, though 

it would be acceptable to double if not triple the cost estimated here so it is not deemed 

to be a problem. It is however readily seen that the main cost is the tool which contributes 

to ~95% of the entire cost. 

Note that the cost would be much greater if the number of manufactured seals is 

decreased. If a lesser number of seals is required, machining or if applicable, 3D-printing 

may be better manufacturing options.  
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3.12  Experimental validation 

A rough model was machined in a lathe from an extruded PTFE rod in order to validate 

the sealing function of the model. A hole was drilled in the centre of the rod and the piece 

was machined to the correct dimensions. It was not possible to obtain all the small details 

as in the FEM model such as the side radii and so forth, but it was precise enough to serve 

as a function validation prototype. The piece was then placed in a cylinder with a 3 mm 

brass rod acting as a piston, as this was what was obtainable at the time. The vessel was 

then pressurized up to 10 bar on each side and the pressures on both sides of the seal were 

measured with a pressure gauge. The seal showed no sign of leakage at high pressures 

and the rod was able to make distinct movements when actuated. At low pressures 

however (< ~3 bar), the seal leaked. This shows that the design does undeniably work, 

even though this was a very rough experiment. The material used, and the seal are seen 

in Figure 3.37. 

 

Figure 3.37 Seal turned from a PTFE-rod. 
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3.13  Studies for future work 

Leakage between surfaces is a truly complicated subject and solving a state-of-the-art 

leakage model require an exertion which could not be fitted into the frame of this project. 

However, a pre-study of current approaches to determining seal leakage is presented here, 

with the intention that it may be used in future work. 

Many models employ the concept of “critical constriction” which, assuming the leakage 

is small, is defined as the smallest constriction in the principal pathway between inlet and 

outlet of the seal, as first described by Persson & Yang [53]. This theory was presented 

by the researchers because of studying the seal interface with varying magnification. They 

concluded that the magnification plays a major role for analytically determining leakage 

as a low magnification may indicate no gaps between to surfaces, but as the view is 

zoomed in more and more, the spectator would find the surfaces display lots of regions 

not actually in contact. The surface roughness give rise to tiny channels through the width 

of the surface, which the authors refer to as “percolation channels”. In these areas, the 

fluid sips through the seal, giving rise to leakage. Furthermore, this theory assumes the 

pressure drop across the seal takes place at one specific position, e.g. the critical 

constriction. 

In this model the authors had supposed low velocity reciprocating motion, the counter 

surface flat as the surface roughness of the seal is much greater, the percolation channel 

was deemed time independent. Further, a Newtonian fluid was supposed along with a 

laminar flow. Their work resulted in equation 3.13. It must be said the authors did assume 

incompressible fluids, but as the pressure is constant in this case, a static worst-case 

scenario may be calculated. 

 �̇� = 𝑤𝑢𝑐
3𝑣0

𝛼

2
∫
�̃�

𝑢2

∞

𝑢𝑐

 (3.13) 

The authors stated 𝛼 was in the order of unity, why it may be negated in an approximative 

calculation. 𝑤 is the width of the seal surface, 𝑣0 is the velocity of the counter surface, 𝑢𝑐 

is the separation between the interfaces, and P is the pressure differential. The authors 

state the phrase ∫
�̃�

𝑢2

∞

𝑢𝑐
= 𝛽 = 0,1 from their calculations regardless of the parameters. As 
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this calculation method does not take the separating contribution of pressures in the 

interface, which depends on the velocity, they state that 𝑣0 ≪
𝐸𝑢𝑐

3

𝐿η𝜆𝑐
, where 𝜆𝑐 is the lateral 

size. A simpler equation for static surfaces was also investigated by the researchers, 

equation 3.14. 

 �̇� =
𝐿𝑦𝑢𝑐

3

12𝐿𝑥η
∗ 𝛥𝑝 (3.14) 

It is evident that the normal force needed to achieve sealing is dependent on the surface 

roughness and the seal materials ability to conform to the countersurface. It was 

concluded that calculating the force needed to achieve this was therefore very difficult 

and the results would most likely have a significant error margin. A trial-and-error 

approach is therefore to be premiered. 

Common for all models like this is that, although reasonable, significant simplifications 

are made as taking every possible parameter which may influence leakage is a true 

Sisyphean task. For a more comprehensive description of state-of-the-art modelling, the 

reader is directed to the work of Pérez Ràfols [54]. A brief summary will be given here, 

based on the accounts of the referred author.  

As for approximations, the first simplification of the problem is derived in neglecting the 

deformation on solids induced by the fluid pressure. This is done since it allows for 

modelling the problem in two parts, a contact problem intended to determine the 

deformed slit in the contact pair and a flow problem, which is aimed to find the flow 

through said slit. Within the contact model, it is then assumed that the bodies are much 

larger than the contact area, which makes the critical stresses independent of the shape 

and the constraints. Additionally, relatively fine surfaces are assumed, which means there 

are no large protrusions such as asperities within the interface. The flow model is 

conclusively regarded as a thin film. These approximations also assume the system is 

static. 

After the boundary conditions, and assumptions for a leakage model is settled, there is a 

range of numerical models which may be used to approximate the leakage. First off, there 

is a deterministic model where the gap between the surfaces first is determined by 

numerical methods, as a function of material properties and surface roughness. To 
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determine the leakage flow, Reynolds’ equation is employed. This model may be good 

for low resolution approximations, Pérez Ràfols states that very small faults in the surface, 

down to an atomic level which may influence the leakage would require enormous 

computing resources. Secondly there is according to the author, a two-scale model. Here, 

the model is regarded as a low-resolution gap and a high-resolution gap, which are 

superimposed to describe the leakage. This model is discarded by the author by stating it 

cannot be directly applied to seal leakage studies and will be left at that for this paper. 

Conclusively, in this thesis reciprocating motion is the point of interest. Conducting 

calculations like these would help determine the leakage when the system is at rest, or 

static, which is assumed in the mentioned models. Reliable analytical models for 

reciprocating motion is to the knowledge of the author at the point of writing this thesis, 

non-existent and is a field which would have to be investigated further before employed 

in any engineering design process. 

In the following sections, two models are discussed more in depth as viable for future 

work. 

3.13.1.1 CFD model 

Two associated papers written by Ruby et al. [55,56] were found and first intended to be 

used as guide to evaluate the sealing function of the seal designed for this work. They 

state that the seal characteristics one must consider during the design process is the 

geometry of the seal as well as the container along with their respective materials, the 

tribological properties and lastly the performance of the mechanical system holding the 

assembly intact. The authors further state that the asperity contacts form cavern-like gaps 

in the contact pair interface where there always will be a mass flux of air, the goal is to 

keep the leakage to an acceptable level. 

The researchers suggest a bulk scale model, as the exact parameters for every iteration of 

the sealing system is impossible to obtain, with regards to surface profiles, imperfections 

etc. They approach the system as with fluid flow in porous media, which is comparable 

to the interface caverns. This approach equates the average mass transfers of the fluid 

media and is defined by a 2D manifold model where the flow is described by a vector 

field which is the fluid velocity and a scalar field which represents the pressure. The 

authors suggest equation 3.15 as an evaluation of the leakage. 
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 𝑞 = 𝜎(𝑆 − 𝑃)∇𝑃 (3.15) 

Where q is the flux [kg/(m*s)], ∇𝑃 is the pressure gradient, S is the contact pressure and 

𝜎 describes the local region as a function of S and P. During simulations, the authors 

assumed that the surface profile was periodic with hemispherical asperities on the seal 

and that the countersurface, which is much harder, is perfectly smooth. The change in 

topography will inevitably be due to deformation of the seal rather than the counter 

surface.  

The method of calculating the leakage with respect to fluid and contact pressure 

developed by Ruby et al. and described could indeed be adopted. Figure 3.38 shows an 

element of the contact pair with an average sinusoidal surface roughness of 2 µm. A test 

on this was run for the contact and the material parameters used previously was assigned 

to the model and the counter surface plate was regarded as a fixed rigid flat surface. A 

displacement was added to the seal section and it was concluded that displacements in the 

order of magnitude of 1 µm was needed to achieve the contact pressure range obtained 

from the previous experiments. Nodal Lagrange multipliers were used, and the seal was 

meshed with tetrahedral elements, a refinement was made at the contact surfaces of the 

seal section. 

 

Figure 3.38 FEA simulation on a section of the seal surface. 
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Before proceeding further with this model, a fluid simulation has to be carried out to 

obtain the leakage rates. This must be done in CFD software according to the 

methodology described. Recalling equation 3.15, ∇𝑃 is given by the pressure difference 

between the inlet and outlet side of the seal section divided by the length, 𝑃 is given by 

the mean fluid pressure within the seal and 𝑞 is calculated by dividing the mass flow rate 

with the width of the seal section.  The contact pressure S should according to the authors 

be the mean stress in a cross section normal to the direction of movement far enough into 

the material so that there are no stress concentrations, e.g. somewhere in the dark blue 

areas in Figure 3.39. The FEA software did not handle dimensions lower than 1 µm well, 

so this was the smallest surface roughness which could be tested. But two tests were run 

which showed how the contact stress deviated with the surface roughness as presented in 

Figure 3.39. 

 

Figure 3.39 Stress versus deflection for different surface roughness. 

As there is little to no pressure squeezing the seal against the wall at very low fluid 

pressures, it was thought that there had to be a pressure bias determined as the seal must 

be air tight even when no fluid pressure is acting on it. As the authors stated the difference 

between the fluid pressure and contact pressure were constant regardless of the fluid 

pressure magnitude, this was tested for this material as well. The results showed some 

minor deviations but got more and more similar as the mesh was refined. The contact 
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section was constrained so that it could only move in the normal direction to the counter 

surface plate, which could be regarded as rigid. For the model to converge, a decreasing 

factor of 0,2 in the contact stiffness was needed, alas it was too big, rendering the results 

unreliable. This gave rise to some minor penetration was observed at the smaller 

nanometre sized displacements. 

3.13.1.2 Analytical model 

Another approach was carried out by Sahlin et al. [57], who also considered the surface 

roughness, material properties and contact load to be the parameters which influence the 

leakage between two surfaces. The refer to the sealing force as the “lip force”. They 

continued by stating that the aperture between contact pair is what is most essential in 

terms of leakage. As the surfaces are forced together, asperities flatten out. They 

concluded equation 3.16, as an estimation for the leakage. 

 𝑄 ≈ (−0,023 ∗ √
𝑤

𝐸′
3

+ 1,1 ∗ √𝑆𝑣𝑚
3 )

3

∗
𝑝𝑟
12𝜂

 
(3.16) 

Where 𝑆𝑣𝑚 is the distance between the five deepest pits in the surface and the mean line 

of surface, 𝑝𝑟 is the boundary pressure, 𝑤 is the contact load, 𝜂 is the viscosity, and 

Young’s modulus of the composite 𝐸′ is calculated by equation 3.17. 

 
1

𝐸′ 
=
1 − 𝜈1
𝐸1 

+
1 − 𝜈2
𝐸2 

 (3.17) 

It was concluded that the analytical model would be quite convenient for this project, and 

the contact forces for different fluid pressures were calculated according to equation could 

be calculated and set up in a spread sheet. The equation could then be rearranged and 

solved for the normal load, given the acceptable leakage was known according to equation 

3.18. Note that if the pressure is very large, the contact load would depend solely on the 

surface geometry. 

 𝑤 =

(

 
√(
12𝜂𝑄
𝑃𝑟

)
3

− 1,1 ∗ √𝑆𝑣𝑚
3

−0,023

)

 

3

∗ 𝐸′ 
(3.18) 
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4 Discussion 
In this chapter the results presented in chapter 3, along with the chosen methodology are discussed and 

evaluated. Work required in the future to take this product from concept to reality is also presented.  

The result consists of, to the authors knowledge, a new kind of piston seal designed by 

investigating both the work of others and employing design of experiments as well as 

searching for new intriguing materials. There are several advantages with this seal 

compared to contemporary variants, mainly that the contact forces and thereby friction 

can be adjusted to not exceed the magnitude needed to effectively make the system air 

tight. Furthermore, the seal works both ways in contrast to the similar U-seal. The material 

used makes for low friction during sliding and it fulfils the demands stated by the project 

commissioner. 

The first part of the project consisted of a literature study. Finding out what others use, 

along with what the project commissioner has tried. Information regarding seals is quite 

readily available in literature and by examining data sheets from manufacturers. 

Information on a wide range of seal types was therefore obtained which was paramount 

to the concept generating phase. It was decided that studying friction, contact mechanics 

and sealing was key to proceed with the project. It was ultimately realized it would be 

truly difficult to quantify sealing forces and leakage rates within the timeframe of the 

thesis, as there are not an overload of models describing sealing systems, and the existing 

ones require comprehensive experimental testing. At the start of the project, the time and 

knowledge needed to go from a blank paper to a finished design was underestimated and 

many of the steps needed would require a master’s thesis on their own, for instance 

determining the material properties for reliable simulations, determining the flow and 

what experimental testing was ultimately needed to obtain reliable results in terms of 

leakage, pressure, stress relaxation etc. The goal of the project was therefore to only select 

materials and make a first prototype design of the product. However, obtaining the 

information regarding the aspects which did not fit into the timeframe of this work was 

not done in vain, but can be used as guidelines for conducting future work. 

4.1.1 Methodology 

The methods employed during the project was used due to their utility in product 

development and materials selection. The systematic procedures described was fruitful in 

most cases. However, they can sometimes be tedious as both selecting materials and 



 

 

95 

identifying which concepts are good in many cases can be done with experience and 

common sense. On the other hand, good solutions which would otherwise be overseen 

may be found and thus the steps taken throughout the project followed the lead of 

systematic screening, evaluating and selection by employing matrixes for choosing the 

design and materials to be used.  Taking the product specification into consideration, it is 

also a good way of presenting what has been done and why certain decisions has been 

made to other project participants and stakeholders. There are additional steps in terms of 

screening and evaluation available within these approaches, but as this design is relatively 

simplistic, in comparison to larger designs with many more parts like for instance is one 

were to design a bicycle, which would require numerous sub-assemblies for the drive, 

gear design, frame, wheels etc. In the case of this work, the process was kept simple and 

just the steps considered necessary were used. 

Furthermore, carrying out FEA simulations was the only realizable way of quantifying 

the loading case, as the geometries were too complex for analytical calculations to be 

feasible. The aim here was to find out whether the pressures could be used as an effective 

seal energizer and most of the focus were to be put on the trends of the loading rather than 

making claims to exact forces. Optimization was done in a software not known to the 

author beforehand, and it proved itself to be a great tool for visualizing trends and finding 

optimal values for, in this case, geometrical variations. Much more could be done with 

this tool in terms of design parameters. For this paper, the most obvious parameters were 

regarded as refining the design could probably be done indefinitely. 

The conventional adsorption cost model, which is not to be regarded as exact but rather a 

pointer to in what domain the total investment to start manufacturing of a prototype is 

was an easy way of determining the cost domain. The method was enough for this study, 

but in the future, manufacturing and processing companies must be consulted, which 

would result in real cost quotations. The simple physical experiment was carried out to 

validate if any of the supposed function really worked in practice, this is not to be regarded 

as a scientific truth but was rather done to get a feeling for the material and the design 

and to see if it had any validity in a pneumatic application. For the future, more extensive 

tests must be made as will be discussed in the following section. 
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4.1.2 Results 

As the sealing effect was verified by conducting physical experiments, the seal truly 

works even though precise measurements were not possible to conduct during this 

project. Therefore, future work should consist of experimental testing, all the way from 

model testing to field tests to secure the function of the seal over a prolonged period of 

use.  

Much of the materials discussed in this work lacks comprehensive physical data. This is 

something that should be investigated further to ease engineering processes. As there are 

such a vast number of different compositions, additives, processing histories etc for 

different variants of all materials discussed, it is difficult to obtain reliable data for 

calculations. Hand calculations is next to impossible to do when it comes to tribological 

systems with complex material and geometry compositions. Even though methods have 

been developed for special cases, it is a struggle to obtain reliable results from doing this 

alone. It cannot serve as anything more than estimating the magnitude region of the 

parameters investigated. Designing seals is probably done more effectively by using rules 

of thumb to then approach the problem with computer software along with experimental 

tests. The experimental design method has however been of great use during this project, 

even though it is naive to think it will produce data true to reality, it is a great way of 

determining the trends of output data when varying input parameters, and determining 

what parameters are insignificant. 

Finding the research on the PEEK/PTFE compound was paramount for the success of the 

project as a drawback for pure PTFE is the limited available manufacturing methods. 

Perhaps in the future PTFE can be processed by a cheaper method, such as injection 

moulding. The method of compression moulding, which is the available alternative is 

both more expensive, there is a higher risk of porosities, and the tolerances may be 

compromised. Machining may be an option for producing small series, but it is less 

feasible for large series production of a part as complex as this. The PEEK/PTFE 

compound displays more desirable wear properties, as well as the ability to undergo 

injection moulding. A selection of granulate was made during this work. Before making 

any assessment though, the manufacturers should be consulted for guidance regarding 

combability and so forth. The studies referred to in this report which examined the friction 

coefficient during different contact loads found rather different results. As some reported 
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high friction at low loads, others low friction etc. It is thought that the contact pressure is 

what matters, as researchers using low forces and big contact areas (pin-on-disc) had high 

friction and researchers with small contact areas achieved low friction (ball-on disk). 

Regarding the FEA method, it can be regarded as a viable tool to determine significance 

of different designs and how they affect the contact load between seal and rod. However, 

the results should not be interpreted as exact. Any finite element analysis should be tested 

and verified experimentally before a conclusion can be drawn. If the contact load with 

respect to leakage is known, as discussed in section 3.13, the optimization process is a 

good tool for determining design parameters and remove a lot of the guesswork before 

manufacturing prototypes which would otherwise be needed. 

As it was found out, calculating any leakages would be too comprehensive and time 

consuming to add to the work already done, this was a major setback as it would really 

have concluded the project. There is a lot of work left to be done hereafter to reach the 

final destination of a working reliable product. Within this work however, a very 

promising design has been constructed, and what lies ahead has now been found out and 

formulated so that future projects can deep dive into the aspects which are still to be 

examined. 

4.1.3 Further work 

Future research should decide on a leakage model to proceed with as this is necessary to 

optimize the seal to specific applications and fluid pressures. A range of models has been 

presented within this paper, along with two methods which look especially promising for 

this product. It is probable, this would require an entire additional thesis, why it was 

excluded from this work. The researchers which are referred to having done these types 

of experiments had conducted extensive material testing along with FEA-simulations, 

which of course is also needed here. In turn, this should be proceeded with conventional 

tension, compression and sheer tests of the compound. 

Furthermore, when the material data is settled, creep- and temperature dependent 

behaviour may be investigated, as this is a common problem for PTFE-products. 

Hopefully, the effects are mitigated by the addition of PEEK. These two aspects will 

probably lead to amounts of work comparable to the time it took to conclude this thesis, 

namely 800 hours individually as it requires fitting of experimental data to a FEA model 



 

 

98 

and further field tests. Lastly, extensive field tests are required to verify the robustness 

and rigidity of the design over time. 

A tool for injection moulding also must be designed which has to consist of at least four 

different sections. One section in the bottom, one at the top and two half circular shapes 

for the sides of the seal. The surface finish must be taken into consideration as the seal 

will work better the finer the surface is. This may require further processing after the 

moulding. 

There could be a market demand for this kind of product beside the intended application, 

namely in micro pneumatics, such as in doctors’ tools along with other precision 

equipment within manufacturing industry or aerospace where temperatures are 

adequately low. As, to the authors knowledge, there is no sealing solution like this on the 

market as of writing this paper (albeit many similar designs), there is some potential if 

the development proceeds all the way to a finished product. By then, large quantities 

could be manufactured quite cheap and be able to compete on the market where, as of 

today, expensive machined PTFE-sleeves are usually used for low friction purposes. As 

these are often fitted with rubber energizers, much like concept 5 presented in section 3.1 

they also employ constant contact loads regardless of fluid pressure, which may be heavy-

handedness in many applications. A drawback of the design regarding costs would be the 

additional machining of the housing required, but as 3D-printing becomes cheaper and 

more readily available, this obstacle may as well be overcome in the near future. 

To conclude, there is not close to enough knowledge regarding friction in micro 

pneumatics and sealing available as of today. This makes it difficult to find material 

models with truly high accuracy, why experimental testing is the key to success as of 

now. More research is required in these fields to fully understand leakage phenomena and 

contact mechanics behind it. As the material selected for this application has been 

thoroughly tested, this data should be used in the FEA models to determine the time 

dependent effects. Within this thesis, there are enough information to start producing 

prototypes when tool design and the manufacturing procedure has been established, after 

this, one may expect further iterations and perhaps some redesign followed by improved 

generations were the seal may be produced commercially for some of the mentioned 

applications. 
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5 Conclusion 

The conclusive remarks are presented here, what has been achieved during the project and what future 

work is needed to reach the finish line of production. 

The work done presented in this paper has resulted in the development of, to the authors 

knowledge, a new kind of seal. The product development stage was conducted by 

employing state-of-the-art methods and a material’s selection process was conducted. The 

seal should be manufactured by injection moulding a PTFE/PEEK compound which 

displays the frictional properties of PTFE and wear properties of PEEK, while 

maintaining the moulding ability of PEEK. The significance of this seal in comparison to 

the contemporary counterparts is that the contact force and thereby friction force exerted 

during sliding can be controlled by the designer. This aspect makes for a seal design 

where friction forces never exceeds the required contact load necessary to keep the 

interface sealed from leakage of fluids. The seal is also self-lubricated, meaning no 

addition of lubricants should be needed. In short, the objective of the thesis was fulfilled 

as a low friction sealing solution had been designed with accompanying materials 

selection. The function was also verified by a simple experiment. 

Future work should aim to release the design onto the market, and ought to consist of the 

following: 

• Determination of the leakage to optimize the contact pressure against, employing 

methods described in section 3.13. 

• Analysis of temperature-dependent behaviour. 

• Analysis of creep and stress relaxation of the material. 

• Physical tests of mechanical properties, leakage and friction tests along with a 

comparison of analytical data. 

• Tool design and manufacturing for injection moulding (or other preferred 

manufacturing method). 
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Appendix I – Gantt 

 

 

Gantt chart showing the first ten weeks of the project. The entire project was planned and conducted the same way.

Activity Starting day no. Duration

Week

Mo Tu We Th Fr Mo Tu We Th Fr Mo Tu We Th Fr Mo Tu We Th Fr Mo Tu We Th Fr Mo Tu We Th Fr Mo Tu We Th Fr Mo Tu We Th Fr Mo Tu We Th Fr Mo Tu We Th Fr

Day 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50

Project plan 1 5

Concept generating 3 3

Function modelling 6 3

Viability studies 8 3

Rough analysis 8 3

First material data 3 3

Embodiment

Geometric model 16 10

Detailed material data 6 10

Rough FEA model 22 4

Cost model 24 2

Detailed Construction

Final material data 26 20

FEA 26 20

Prototype test 54 2

Pressure test 54 2

Finished CAD-model 30 5

Report 26 65

1 2 3 4 9 105 6 7 8
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Appendix II – FMEA 

Failure modes and effects analysis 

Project risks Possible fault Result Severity (1-10) Action/Precaution 

Specification of 

demands 
Not adequate 

Solving the 

wrong problem, 

missing key 

information 

10 

Continuous 

communication with the 

employer 

Specification of 

demands 

Late realization 

that product does 

not meet demands 

Work has to be 

redone 
7 

Create multiple 

concepts 

Demands 

impossible to 

realize 

The thesis does not 

work in practice 

Thesis proven 

wrong 
5 

This is also a result; 

another path should be 

taken 

Technical risks Possible fault Result Severity (1-10) Action/Precaution 

Pneumatic 

Pressure 

Product not able to 

withstand pressure 
System failure 10 

Thorough calculations, 

physical tests and/or 

simulations 

Pneumatic 

Pressure 

Not adequately 

sensitive 
Malfunction 10 

Thorough calculations, 

physical tests and/or 

simulations 

Oxidation 

Oxide layer 

forming on any 

surface 

Altered 

tribological 

properties of the 

system 

6 
Pick non-oxidative 

materials only 

Pin movement 
Pin stuck/ does not 

move far enough 
System failure 10 

Make sure surrounding 

surfaces are guiding the 

pin correctly 

Materials Toxic or reactive 
Harm to the diver 

or environment 
7 

Pick non-hazardous 

materials 

Temperature 

Malfunction at 

elevated or low 

temperatures 

Changed 

mechanical 

properties 

7 
Use temperature 

resistant materials 

Fatigue 

Cyclic fatigue of 

the rod or 

countersurface 

Brittle fracture, 

crack initiation 

etc. 

4 

Use fatigue resistant 

coating, distinguish a 

clear product life. 

Wear 
May increase 

friction over time 

Worsened 

function over 

time 

4 

Use wear resistant 

coating, distinguish a 

clear product life. 
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Appendix III – QFD 

Customer requirements W
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F
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M
as

s 

Compliant to diving air 5 0 0 0 0 0 0 

Maximum height 3 mm 2 0 9 0 4 4 9 

Maximum diameter 6 mm 2 0 9 0 4 4 8 

Not hazardous for humans 5 0 0 0 0 0 0 

Low weight 3 3 0 0 0 0 9 

No yielding up to 16 bar hydrostatic 

pressure 

5 9 0 0 0 6 0 

Admit sensitivity to 0,5 bar of pressure 5 0 6 0 9 6 0 

Air-sealed 5 9 9 0 0 9 0 

Not oxidize in air 5 0 0 0 0 0 0 

Not affected by gravity 5 0 0 0 4 3 9 

Withstand temperatures from -30 to 70 

degrees Celsius 

5 0 0 9 0 0 0 

No service during lifespan 5 5 4 6 7 7 0 

Low wear 5 5 4 6 7 7 0 

Unit MPa GPa °C N N kg 

Target value 100 Min -

30 

to 

70 

Min Max Min 

Difficulty [%] 0 0 0 90% 70% 0 
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Appendix IV – Spring calculations 

𝑵 𝑫𝒔𝒉𝒂𝒇𝒕 𝑫𝒊,𝒇𝒓𝒆𝒆 𝒇 𝑮 [𝑮𝑷𝒂] 𝒅𝒕𝒉𝒓𝒆𝒂𝒅 𝑫𝒄𝒐𝒊𝒍 𝑭𝒄 𝑭𝒔𝒉𝒂𝒇𝒕 𝒌 𝝉𝒎𝒂𝒙 [𝑴𝑷𝒂] 

14 3,6 3,21 1,23 150 0,25 1,63 1,48 3,0 1,08 423 

15 3,6 3,21 1,23 150 0,25 1,63 1,38 2,8 1,08 395 

16 3,6 3,21 1,23 150 0,25 1,63 1,30 2,6 1,08 370 

17 3,6 3,21 1,23 150 0,25 1,63 1,22 2,4 1,08 349 

18 3,6 3,21 1,23 150 0,25 1,63 1,15 2,3 1,08 329 

19 3,6 3,21 1,23 150 0,25 1,63 1,09 2,2 1,08 312 

20 3,6 3,21 1,23 150 0,25 1,63 1,04 2,1 1,08 296 

21 3,6 3,21 1,23 150 0,25 1,63 0,99 2,0 1,08 282 

22 3,6 3,21 1,23 150 0,25 1,63 0,94 1,9 1,08 269 

23 3,6 3,21 1,23 150 0,25 1,63 0,90 1,8 1,08 258 

24 3,6 3,21 1,23 150 0,25 1,63 0,86 1,7 1,08 247 

25 3,6 3,21 1,23 150 0,25 1,63 0,83 1,7 1,08 237 

26 3,6 3,21 1,23 150 0,25 1,63 0,80 1,6 1,08 228 

27 3,6 3,21 1,23 150 0,25 1,63 0,77 1,5 1,08 220 

28 3,6 3,21 1,23 150 0,25 1,63 0,74 1,5 1,08 212 

29 3,6 3,21 1,23 150 0,25 1,63 0,71 1,4 1,08 204 

30 3,6 3,21 1,23 150 0,25 1,63 0,69 1,4 1,08 198 

31 3,6 3,21 1,23 150 0,25 1,63 0,67 1,3 1,08 191 

32 3,6 3,21 1,23 150 0,25 1,63 0,65 1,3 1,08 185 

33 3,6 3,21 1,23 150 0,25 1,63 0,63 1,3 1,08 180 

34 3,6 3,21 1,23 150 0,25 1,63 0,61 1,2 1,08 174 

35 3,6 3,21 1,23 150 0,25 1,63 0,59 1,2 1,08 169 

36 3,6 3,21 1,23 150 0,25 1,63 0,58 1,2 1,08 165 

37 3,6 3,21 1,23 150 0,25 1,63 0,56 1,1 1,08 160 

38 3,6 3,21 1,23 150 0,25 1,63 0,55 1,1 1,08 156 

38 3,6 3,21 1,23 150 0,25 1,63 0,55 1,1 1,08 156 

39 3,6 3,21 1,23 150 0,25 1,63 0,53 1,1 1,08 152 

40 3,6 3,21 1,23 150 0,25 1,63 0,52 1,0 1,08 148 

41 3,6 3,21 1,23 150 0,25 1,63 0,51 1,0 1,08 145 

42 3,6 3,21 1,23 150 0,25 1,63 0,49 1,0 1,08 141 
 

All lengths are in millimetres and the forces are measured in N. With 14 coils, the maximum shear stress is 

unacceptable and will lead to yielding, why 15 is the minimum number which may be used. 

 

𝑘 =
𝐺∗𝑑4

8𝐷3𝑛𝑎
      (3.9) 

𝑓 = 𝜋(𝐷𝑠ℎ𝑎𝑓𝑡 − 𝐷𝑖,𝑓𝑟𝑒𝑒)     (3.10) 

𝜏𝑚𝑎𝑥 = 𝐾𝑠 ∗
8𝐹𝐷

𝜋∗𝑑3
    (3.11) 

𝐾𝑠 =
2𝐶+1

2𝐶
     (3.12) 
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Appendix V – Design of experiments 

Table A.1 Experiment chart. A = width, B = wall thickness, C = Top radius, D = Height, ACD = Side radius, ABCD = Young’s modulus 

 

 

The first trial where the most parameters were checked resulted in the knowledge that the young’s modulus played a major role, along with radii. 

Trial

Nr. A B C D AB AC AD BC BD CD ABC ACD BCD ABD ABCD 7,5 bar 10 bar 12 bar 7,5 bar 10 bar 12 bar 7,5 bar 10 bar 12 bar

1 -1 -1 -1 -1 1 1 1 1 1 1 -1 -1 -1 -1 1 2,3 3,2 4,0 2,5 3,4 4,2 0,9 0,9 0,9

2 1 -1 -1 -1 -1 -1 -1 1 1 1 1 1 -1 1 -1 0,5 1,1 1,5 0,5 1,1 1,6 0,9 0,9 0,9

3 -1 1 -1 -1 -1 1 1 -1 -1 1 1 -1 1 1 -1 1,9 2,8 3,6 1,6 2,4 3,0 1,2 1,2 1,2

4 1 1 -1 -1 1 -1 -1 -1 -1 1 -1 1 1 -1 1 0,7 1,4 2,0 0,7 1,3 1,9 1,1 1,1 1,1

5 -1 -1 1 -1 1 -1 1 -1 1 -1 1 1 1 -1 -1 1,5 2,1 2,5 1,7 2,2 2,7 0,9 0,9 0,9

6 1 -1 1 -1 -1 1 -1 -1 1 -1 -1 -1 1 1 1 0,3 0,8 1,3 0,3 0,8 1,3 1,0 1,0 1,0

7 -1 1 1 -1 -1 -1 1 1 -1 -1 -1 1 -1 1 1 0,7 1,4 2,1 0,7 1,3 1,9 1,0 1,1 1,1

8 1 1 1 -1 1 1 -1 1 -1 -1 1 -1 -1 -1 -1 1,9 2,7 3,3 1,6 2,3 2,9 1,1 1,1 1,2

9 -1 -1 -1 1 1 1 -1 1 -1 -1 -1 1 1 1 -1 1,8 2,4 3,0 1,9 2,6 3,2 0,9 1,0 1,0

10 1 -1 -1 1 -1 -1 1 1 -1 -1 1 -1 1 -1 1 1,5 2,2 2,7 1,6 2,3 2,8 1,0 1,0 1,0

11 -1 1 -1 1 -1 1 -1 -1 1 -1 1 1 -1 -1 1 0,1 0,3 0,8 0,1 0,3 0,7 0,9 0,9 1,0

12 1 1 -1 1 1 -1 1 -1 1 -1 -1 -1 -1 1 -1 2,5 3,6 4,5 2,1 3,0 3,8 1,2 1,2 1,2

13 -1 -1 1 1 1 -1 -1 -1 -1 1 1 -1 -1 1 1 0,1 0,3 0,8 0,1 0,3 0,8 0,9 0,9 1,0

14 1 -1 1 1 -1 1 1 -1 -1 1 -1 1 -1 -1 -1 1,5 2,0 2,5 1,5 2,1 2,5 1,0 1,0 1,0

15 -1 1 1 1 -1 -1 -1 1 1 1 -1 -1 1 -1 -1 1,8 2,6 3,2 1,7 2,4 3,0 1,0 1,1 1,1

16 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0,4 0,9 1,3 0,4 0,9 1,4 0,9 0,9 1,0

Effekt -3,14 -2,13 -9,95 -2,00 8,44 2,01 15,44 9,11 -0,60 -2,32 -12,26 -12,47 2,09 -9,67 -17,88

Contact force [N]Mean contact pressure [MPa]Contact area [mm2]



 

 

VI 

 

 

Table A.2 Final design experiment varying thickness, side radii and angles. Output in contact force and mean stress 

Angle [°] Thickness [mm] Radius [mm] Contact force [N] 

Mean 

Stress 

[MPa] 

15 0,5 0,2 6,9957 1,3037 

22,5 0,5 0,2 6,6407 1,4489 

30 0,5 0,2 6,3857 1,5724 

15 0,65 0,2 7,3792 1,242 

22,5 0,65 0,2 7,6741 1,2631 

30 0,65 0,2 7,2167 1,4212 

15 0,8 0,2 7,6948 1,1565 

22,5 0,8 0,2 7,7426 1,247 

30 0,8 0,2 7,6604 1,3345 

15 0,5 0,3 7,288 1,8066 

22,5 0,5 0,3 7,1656 1,9604 

30 0,5 0,3 6,8236 2,1366 

15 0,65 0,3 7,8015 1,6817 

22,5 0,65 0,3 7,8358 1,823 

30 0,65 0,3 7,6815 1,9675 

15 0,8 0,3 8,0449 1,58 

22,5 0,8 0,3 8,1856 1,7121 

30 0,8 0,3 8,1933 1,8361 

15 0,5 0,4 7,6911 2,8467 

22,5 0,5 0,4 7,6284 3,1643 

30 0,5 0,4 7,2234 3,4621 

15 0,65 0,4 8,219 2,6197 

22,5 0,65 0,4 8,3594 2,8783 

30 0,65 0,4 8,2731 3,1626 

15 0,8 0,4 8,4207 2,4511 

22,5 0,8 0,4 8,6695 2,6875 

30 0,8 0,4 8,7906 2,9648 

 


