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Sammanfattning 

Mountainbike är en sport där utövare åker på stigar med varierande lutning och svårighet. 

Terrängcyklar är generellt utrustade med stötdämpare eller fjädrar på framhjulet och ofta också på 

bakhjulet. Vissa terrängcyklar har stötdämpare bak som använder trycksatt luft för att dämpa istället 

för att använda traditionella stålfjädrar. Luften är sluten inuti stötdämparen med hjälp av X-rings 

tätningar, vilket ger en fjäderkraft på hjulet. Det är viktigt att tätningen fungerar så att luftfjädern 

inte snabbt tappar trycket när den används. En experimentplan skapades i ett försök att uppskatta 

effekten av tätningsdimension, smörjning och ytjämnhet på luftläckage för mer robusta 

stötdämpare. Accelererade tester gjordes i en dynamometer, som troddes kunna skapa signifikant 

slitage på en stötdämpares tätning inom 24 timmar upprepade gånger. 19 test gjordes med en körtid 

på upp till 72 timmar med variation av testparametrar som slaglängd och frekvens. De förväntade 

felkällorna uppstod inte i något av testerna. 11 tester visade inga tecken på fel medan 8 tester 

misslyckades på grund av att oväntade komponenter slets ut eller gick sönder. Stötdämparens 

huvudtätning visade sig slitas fortare än lufttätningen, vilket resulterade i läckage inuti luftfjädern 

mellan dess positiva och negativa kammare. Detta oförutsedda fel behöver vidare undersökning 

med tester på fler olika typer av stötdämpare. 

 

Nyckelord: Terrängcykel, luftfjäder, luftläckage, robust konstruktion, tätningsslitage.  
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Abstract 

Mountain biking is a sport where riders bike on trails, varying in slope and difficulty. Mountain 

bikes are generally equipped with suspension on the front wheel and often also on the rear. Some 

types of rear shocks use pressurized air for a spring action instead of the traditional metal coil. Air 

is sealed inside the shock’s air can by means of X-ring seals, providing a spring force on the wheel. 

It is of great importance that the sealing system performs as intended so the air spring does not 

quickly lose pressure during use. An experimental plan is conducted in an attempt to estimate the 

effects of seal dimension, lubrication and surface roughness on air leakage for more robust shocks. 

Accelerated tests were performed in a dynamometer, believed to repeatedly cause significant wear 

on the shock’s air seal within 24 hours. Nineteen tests were carried out, for a duration up to 72 

hours, with variations to test parameters such as stroke length and frequency. The expected failure 

modes did not occur in any of them. Eleven tests showed no signs of failure while the other eight 

failed due to unexpected components breaking or wearing out. The shock’s main seal was found to 

wear out faster than the air seal, causing leakage within the air spring, between its positive and 

negative air chambers. This unforeseen failure needs further examination with tests conducted on 

more shock types. 

 

Keywords: Mountain bike, air spring, air leakage, robust design, seal wear. 
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NOMENCLATURE 

Notations 

Symbol Description 
  

x̅ Mean value 

σx̅ Standard error of the mean 

N Sample size 

σ Standard deviation of a population 

μ Mean value of a population 

s Sample standard deviation 

Var(X) Variance of X 

Φ(x) Normal distribution’s CDF 

S Sample skewness 

K Excess kurtosis 

Cpk Process capability index 

id Inner diameter [mm] 

t Thickness [mm] 
 

Abbreviations 

 

XC Cross country 

MTB Mountain bike 

SEM Standard error of the mean 

PDF Probability density function 

CDF Cumulative density function 

SES Standard error of skewness 

SEK Standard error of kurtosis 

RSS Root sum square 

USL Upper specification level 

LSL Lower specification level 
  

 

  



10 

  



11 

TABLE OF CONTENTS 

FOREWORD .................................................................................................................................. 7 

NOMENCLATURE ....................................................................................................................... 9 

TABLE OF CONTENTS ............................................................................................................. 11 

LIST OF FIGURES ...................................................................................................................... 13 

LIST OF TABLES ........................................................................................................................ 14 

1  INTRODUCTION .................................................................................................................... 15 

1.1 Background ........................................................................................................................... 15 
1.2 Purpose ................................................................................................................................. 17 
1.3 Delimitations ........................................................................................................................ 17 

1.4 Methodology ......................................................................................................................... 18 

2  FRAME OF REFERENCE ..................................................................................................... 19 

2.1 MTB air shocks .................................................................................................................... 19 
2.1.1 Function and main components ..................................................................................... 19 
2.1.2 Shock design .................................................................................................................. 20 
2.1.3 Test methods .................................................................................................................. 21 

2.2 X-ring seals ........................................................................................................................... 22 
2.3 Probability and statistics ....................................................................................................... 24 

2.3.1 Fundamental concepts ................................................................................................... 24 

2.3.2 Normal distribution ....................................................................................................... 25 
2.3.3 Skewness and kurtosis ................................................................................................... 26 

2.3.4 Process capability index ................................................................................................ 27 
2.4 Surface topography ............................................................................................................... 28 

2.5 Robust design ....................................................................................................................... 33 
2.5.1 Objective ........................................................................................................................ 33 

2.5.2 The Taguchi method ...................................................................................................... 33 
2.5.2 Design of experiments ................................................................................................... 35 

2.6 Tolerance analysis ................................................................................................................ 37 

3  METHOD .................................................................................................................................. 39 

3.1 Design of experiments .......................................................................................................... 39 

3.2. Test sample preparation ....................................................................................................... 40 
3.2.1 Air shock components ................................................................................................... 40 
3.2.2 Lubrication .................................................................................................................... 40 

3.2.3 Air seal diameter ............................................................................................................ 41 
3.2.4 Cylinder tube surface roughness ................................................................................... 44 

3.3 Experiments .......................................................................................................................... 44 
3.3.1 Preparation ..................................................................................................................... 44 

3.3.2 Test selection ................................................................................................................. 46 
3.3.3 Test adjustments ............................................................................................................ 47 

4  RESULTS .................................................................................................................................. 51 

5  DISCUSSION ............................................................................................................................ 55 

6  CONCLUSIONS ....................................................................................................................... 57 

7  FUTURE WORK ...................................................................................................................... 59 

7.1 Recommendations ................................................................................................................ 59 



12 

7.2 Future work .......................................................................................................................... 59 

8  REFERENCES ......................................................................................................................... 61 

APPENDIX A: Assembly drawing .............................................................................................. 65 

APPENDIX B: Air seal dimensions ............................................................................................ 67 

APPENDIX C: Assembly instructions ........................................................................................ 71 

APPENDIX D: Experiment checklist ......................................................................................... 77 

APPENDIX E: Experiment results ............................................................................................. 79 

Test 1 .......................................................................................................................................... 79 
Test 2 .......................................................................................................................................... 80 
Test 3 .......................................................................................................................................... 81 
Test 4 .......................................................................................................................................... 82 

Test 5 .......................................................................................................................................... 83 
Test 6 .......................................................................................................................................... 84 
Test 7 .......................................................................................................................................... 85 

Test 8 .......................................................................................................................................... 86 
Test 9 .......................................................................................................................................... 87 
Test 10 ........................................................................................................................................ 88 

Test 11 ........................................................................................................................................ 89 
Test 12 ........................................................................................................................................ 90 
Test 13 ........................................................................................................................................ 91 

Test 14 ........................................................................................................................................ 92 
Test 15 ........................................................................................................................................ 93 

Test 16 ........................................................................................................................................ 94 

Test 17 ........................................................................................................................................ 95 

Test 18 ........................................................................................................................................ 96 
Test 19 ........................................................................................................................................ 97 

 

  



13 

LIST OF FIGURES 

Figure 1. Specialized Enduro Pro bike with Öhlins STX air shock and RXF 36 fork. [2] ............ 15 
Figure 2. A downhill track in Australia. [6] ................................................................................... 16 
Figure 3. An Öhlins air shock mounted on a mountain bike. [7] ................................................... 17 
Figure 4. Outline of the project’s working process. ....................................................................... 18 

Figure 5. Öhlins TTX Air shock and TTX 22 coil shock. [11] ...................................................... 19 
Figure 6. A drawing of an MTB air shock. .................................................................................... 20 
Figure 7. Single-tube (left) and twin-tube (right) shocks. .............................................................. 21 
Figure 8. X-ring seals have four lobes, providing two sealing surfaces on each side. [17] ........... 22 
Figure 9. Back-up rings are used at the lower pressure side of the seal to prevent seal extrusion 

into the extrusion gap. [19] ............................................................................................................. 23 
Figure 10. For the normal distribution, 95.4 % of data is within 2 standard deviations of its mean 

value. [22] ....................................................................................................................................... 26 

Figure 11. Skewness is a measure of a probability distribution’s symmetry. [23] ........................ 26 
Figure 12. Distributions with positive or negative kurtosis differ in form from the normal 

distribution with the same mean and standard deviation. [26] ....................................................... 27 
Figure 13. Surface topography is characterized with the surface lay, waviness and roughness. [34]

 ........................................................................................................................................................ 29 
Figure 14. Schematic of a contact profilometer. [36] ..................................................................... 29 

Figure 15. A primary profile, roughness profile and waviness profile from the same measurement. 

[37] ................................................................................................................................................. 30 

Figure 16. The Abbott-Firestone curve is used to obtain the parameters of the Rk family. [40] ... 31 
Figure 17. The symbol used to indicate a surface requiring material removal. Information on (a, b) 

surface texture, (c) machining method, (d) lay and (e) machining allowance can be included. [41]

 ........................................................................................................................................................ 31 

Figure 18. The superfinishing process leaves a cross-hatched pattern on the treated surface. [43] 33 
Figure 19. The Taguchi methods process. [44] .............................................................................. 34 
Figure 20. A typical P-diagram, if there aren’t any signal factors they are not included in the 

diagram. .......................................................................................................................................... 35 
Figure 21. Demonstration of how tolerance stack-up can lead to excessive tolerance. [28].......... 38 

Figure 22. An Ishikawa diagram for an MTB rear shock’s air leakage. ........................................ 39 
Figure 23. One X-ring seal is located on either side of the shock’s negative air chamber. ........... 41 
Figure 24. A Mitutoyo PJ300 profile projector was used to measure seal diameter and thickness. 

[51] ................................................................................................................................................. 42 
Figure 25. The inner diameter and thickness of 111 X-ring seals were measured, four ways for 

each seal. ......................................................................................................................................... 42 
Figure 26. Histograms of the measured air seals’ inner diameter and thickness. .......................... 43 

Figure 27. The cylinder tube has detailed surface roughness tolerances for the outer surface. ..... 44 
Figure 28. The shock is pumped through a digital pressure gauge ................................................ 45 
Figure 29. The shock is tested in a dynamometer. ......................................................................... 46 
Figure 30. When removing the main seal, its backup ring had to be adapted to let air pass over it.

 ........................................................................................................................................................ 48 

Figure 31. A part of the damping piston broke in the same way during test #13 and #14. ............ 52 
Figure 32. The separating piston bent excessively during test #14. ............................................... 52 
Figure 33. The main seals from tests #17 (above) and #18 (below). ............................................. 52 
Figure 34. The seal head was covered in particles from the main seal after test #17. ................... 53 
Figure 35. Overview of the assembled air shock. .......................................................................... 71 

Figure 36. Maximum and minimum cycle forces with temperature from test 1. ........................... 79 
Figure 37. Maximum and minimum cycle forces with temperature from test 2. ........................... 80 

Figure 38. Maximum and minimum cycle forces with temperature from test 3. ........................... 81 
Figure 39. Maximum and minimum cycle forces with temperature from test 4. ........................... 82 



14 

Figure 40. Maximum and minimum cycle forces with temperature from test 5. ........................... 83 
Figure 41. Maximum and minimum cycle forces with temperature from test 6. ........................... 84 

Figure 42. Maximum and minimum cycle forces with temperature from test 7. ........................... 85 
Figure 43. Maximum and minimum cycle forces with temperature from test 8. ........................... 86 
Figure 44. Maximum and minimum cycle forces with temperature from test 9. ........................... 87 
Figure 45. Maximum and minimum cycle forces with temperature from test 10. ......................... 88 

Figure 46. Maximum and minimum cycle forces with temperature from test 11. ......................... 89 
Figure 47. Maximum and minimum cycle forces with temperature from test 12. ......................... 90 
Figure 48. Maximum and minimum cycle forces with temperature from test 13. ......................... 91 
Figure 49. Maximum and minimum cycle forces with temperature from test 14. ......................... 92 
Figure 50. Maximum and minimum cycle forces with temperature from test 15. ......................... 93 

Figure 51. Maximum and minimum cycle forces with temperature from test 16. ......................... 94 
Figure 52. Maximum and minimum cycle forces with temperature from test 17. ......................... 95 
Figure 53. Maximum and minimum cycle forces with temperature from test 18. ......................... 96 

 

LIST OF TABLES 

Table 1. Some failure modes of O-ring and X-ring seals. [20] ...................................................... 23 

Table 2. Process capability index and sigma levels relation to process yield. ............................... 28 
Table 3. Some roughness parameters with definitions. [38] .......................................................... 30 

Table 4. Some manufacturing methods with resulting roughness values. [30] .............................. 32 
Table 5. An example of a combined array. .................................................................................... 35 

Table 6. A demonstration of a two level orthogonal array. ............................................................ 36 
Table 7. The experiment includes tests of eight different shock setups. ........................................ 40 

Table 8. The shocks are tested in random order. ............................................................................ 40 
Table 9. Characterizing values of the air seal dimensions. ............................................................ 43 

Table 10. Some characteristics of the accelerated seal wear test performed on MTB shock 

absorbers. ........................................................................................................................................ 47 
Table 11. Summary of setup changes to the accelerated seal wear tests. ....................................... 49 

Table 12. Summary of accelerated seal wear tests. ........................................................................ 51 
Table 13. Measurements of X-ring seals’ dimensions using a profile projector. ........................... 67 

 

  



15 

1  INTRODUCTION 

1.1 Background 

Mountain biking is an adventure sport which has been increasing in popularity for the past years 

and decades. It includes riding bikes off-road, often on rough and uneven trails in various 

conditions. There exist multiple different categories in mountain biking such as cross-country, 

enduro, downhill and trail. [1]  

 

 
 

Figure 1. Specialized Enduro Pro bike with Öhlins STX air shock and RXF 36 fork. [2] 
 

Cross-country (XC) cycling takes place on a terrain where the course consists of both rough trails 

as well as more smooth roads. The XC bikes are usually rather light, between 7 and 16 kg. [1] The 

front fork of the bike can be either fully rigid or have a suspension which relies on an air spring. 

When the front fork is fully rigid the rider has more sensitivity and feeling for the trail and is much 

lighter as well. The same goes for the rear end of the bike where it depends on the rider if he/she 

prefers having no suspension, hardtail, or including suspension. If the bike is without rear 

suspension the power from the pedalling all goes into moving the rear wheel. Like the fully rigid 

fork the hardtail offers trail sensitivity, but it may get too much if the trail is particularly rough. In 

those cases, a rear suspension is recommended. [3] XC cycling requires a great deal of physical 

strength and good technical skills. It is the only form of mountain biking that is competed in at the 

Summer Olympic Games. [1] 

 

Another type of mountain biking is trail riding. The difference between XC and trail riding can be 

unclear since XC bikers ride on trails as well. However, trail riders often look for bigger features 

and obstacles. XC bicycles are faster on flat trails and up hills but not as fast on descends. Trail 

bikes don’t go particularly fast uphill but can really work up speed going down. [4] Trail riders 

often seek out more challenging and technically difficult trails than cross-country. The front 

suspension on trail bikes is also much heavier, usually equipped with an air spring but using a coil 

spring is an option as well. The fork will have more travel in order to handle rougher and more 

technical trails as well as jumping. Trail bikes are always equipped with rear suspension as well. 

Most often with an air shock that has some adjustment controls. [3] 

Enduro racing is rather different from XC. It involves racing on descending trails on time, but the 

race is divided into stages. In between the downhill races there are several transfer stages which are 
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mostly uphill. These transfer stages can often be challenging and hard on the rider, but they do not 

however directly affect the final result since they are untimed. Usually though, there is a time-limit 

on these transfer stages. [5] In the end the rider with the fastest combined time of the downhill 

stages wins the race.  

 

 
 

Figure 2. A downhill track in Australia. [6] 
 

When competing in a downhill race (Fig. 2) the rider races down a steep hill on rough tracks. The 

trail consists of rocks in various sizes as well as tree roots and other obstacles. The course also 

includes jumps and often takes place at a ski resort in the summer. This type of racing is often 

considered the most dangerous type of mountain bike racing. The bikes used in downhill racing are 

much heavier than most mountain bikes and can weigh around 15-20 kg. Therefore, the rider needs 

to be physically strong to have good control of the bike. These downhill bikes are always equipped 

with both front and rear suspension. [1] 

 

As stated above, the suspension system plays a significant role when it comes to mountain biking 

and the rider’s experience. Many mountain bikes (MTB) have a front fork suspension with rigid 

non-suspended rear wheels. To enable even smoother rides, full suspension MTB were introduced. 

Including, in addition to the front forks, shock absorbers attached to the rear wheel. (Fig. 1) 

 

At first, coiled spring systems were dominant on the market. Coil shocks have a metal spring 

wrapped around the cylinder, thus making them considerably heavier than air shocks. (Fig. 3) The 

air shock includes pressurized air for a spring which is more tuneable than the coil spring. A sealing 

system is used to restrain the pressurized air and allow for linear movement of the piston. A minor 

leakage of air from extended use is considered acceptable and it is a part of standard maintenance 

to pump the shock with air to regain appropriate air pressure. If the air leakage becomes too much 

however, the suspension performance and the rider’s safety get compromised. This can therefore 

lead to dangerous circumstances and harmful accidents.  
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Figure 3. An Öhlins air shock mounted on a mountain bike. [7] 
 

1.2 Purpose 

Excessive leakage from an MTB air shock can increase the chance of accidents and limit product 

performance. It is therefore important to minimize this to the furthest extent possible. By analysing 

the variation of the most influential factors of the shock sealing system and their effect on the air 

leakage, a set of parameters could be chosen, based on their characteristics. This way, the 

performance might be improved and made less sensitive to production variations. 

 

This project is an investigation of the causes of air leakage in MTB air shocks. A shock’s sealing 

system is studied to determine the biggest contributors and experiments are carried out to see how 

these factors affect air leakage. The thesis aims to answer the following questions: 

 

- How does surface topography, seal preload and choice of lubrication influence air leakage 

from an MTB air shock? 

- Can a certain set of parameters for these factors be chosen to minimize the sensitivity of 

production variation to air leakage? 

1.3 Delimitations 

Setting delimitations is important in order to know what can be expected from the project. The 

delimitations are used to clarify the parameters that are out of scope of the project, which will not 

be studied further. The project’s delimitations are listed below. 
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- The project should be carried out over a period of equivalent to 20 work weeks. 

- This investigation will be limited to a single type of MTB air shock. However, the method 

should be applicable to other shocks.  

- The impact of different types of seals or seal setups will not be investigated. 

- The experiments are aimed at testing air leakage with accelerated tests in a hydraulic 

dynamometer. Effect on other performance factors is not under examination. 

1.4 Methodology 

After specifying the objectives for the project, a plan is created for the work to be done. (Fig. 4) A 

background study on e.g. probabilistic design, damper testing, sealing systems and air leakage from 

air shocks is conducted. Papers and studies on similar content are examined as well as lab reports 

from experiments that have been performed on the matter. From the background study, the frame 

of reference is developed. 

 

 
 

Figure 4. Outline of the project’s working process. 
 

An Ishikawa diagram is created for an overview of potential causes of failure. From the information 

gathered, a design of experiments strategy is implemented. Physical experiments on the MTB air 

shocks are carried out and the results analysed for a set of parameters that give the most robust air 

sealing.  
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2  FRAME OF REFERENCE 

2.1 MTB air shocks 

2.1.1 Function and main components 

The MTB air shock has two key elements, a spring and a damper.  There are two main types of 

springs, mechanical and air. (Fig. 5) A coil shock has a metal spring wrapped around the piston rod 

whilst the air shock uses a pressurized chamber so the weight difference between the two can be 

significant. The adjustability in terms of progression is greater in air shocks. The air pressure can 

be easily changed and its progression altered with volume spacers. [8] 

 

The main difference between the damping and the spring function is that damping turns kinetic 

energy into heat whilst the spring stores energy. Fundamentally, damping aims to slow down the 

movement of the suspension. There is damping during both the compression and rebound of the 

shock. When the wheel comes in contact with some obstacle in the trail the compression damping 

slows the suspension down. These obstacles can be of various shapes and sizes which means that 

the compression damping needs to be equipped to deal with a wide range of velocities. As the 

suspension starts extending again, the rebound damping controls the energy of the compressed 

spring and slows it down. This means that the velocity of the rebound stroke is connected to how 

much travel is used. [9] 

 

Mountain bikes typically come with either front suspension only (hard tail) or full suspension; on 

both front and rear wheel. The front suspension is generally a telescopic fork while the rear wheel 

is connected to the bike’s frame by a smaller shock absorber. The suspension forks and the rear 

shocks come in different types. Depending on the intended usage, the structure and travel can vary. 

[10] 

 
 

Figure 5. Öhlins TTX Air shock and TTX 22 coil shock. [11] 
 

Figure 6 shows a cross sectional drawing of the MTB air shock, used for this project. It can also be 

seen in more clearly in Appendix A, with more detailed drawings. The surface of the shock’s 

cylinder tube needs to have a relatively fine surface since it is in contact with the air seal during its 

reciprocating motion, in and out of the air sleeve. A separating piston is placed inside the damper 

cylinder, holding the nitrogen which provides pressure on the suspension fluid. The suspension 
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fluid provides damping and lubrication to the shock’s internals. A piston on a shaft/rebound tube 

moves through the damper fluid when the shock compresses and rebounds. The seal head is 

threaded onto the damper cylinder and closes off the suspension fluid. Placed in a groove on the 

seal head is the main seal with two backup rings. Two stacks of shims are placed on the shock’s 

damping piston for controlling damping settings. These shims come in a various sizes and 

thicknesses, providing endless stacking options. The shim stacks are separated by a damping piston 

and when the shock is moving, the oil flows through ports on the piston. During compression, the 

oil flow through the rebound ports are completely blocked by the rebound shims while the 

compression shims bend open and allow the oil to flow through the compression ports. The opposite 

happens in rebound damping. The thickness of the shims plays an important role when it comes to 

the damping effect. With thin shims, the oil can easily bend the shims open which allows the oil to 

flow through the piston ports creating very little damping effect. When the shims are thicker, they 

become much harder to bend so much more force is required from the oil to bend them open which 

increases the damping effect. Adjusting the shims, adding or removing shims, making them thicker 

or bigger, all contribute to the tuning of the shock. [12] 

 

 
Figure 6. A drawing of an MTB air shock.  

 

The air can is divided into two chambers by the seal head, a positive and a negative air chamber. 

Transfer ports that are placed on the inside of the air sleeve, transferring air between the two 

chambers at every stroke and self-adjusting the shock’s spring action. When air is pumped into the 

shock it goes into the positive chamber and the pressure created acts as an easily adjustable spring. 

When riding the bike, the seal head travels up and down the air can, compressing the air inside 

which reacts with a spring force. While the air in the positive chamber works on keeping the shock 

extended the air in the negative chamber creates a force in the opposite direction, preloading the 

positive spring. 

2.1.2 Shock design 

Two examples of shock designs are the single-tube and twin-tube shocks. (Fig. 7) The twin-tube 

shock is one of the most popular styles available. The twin-tube has a shell case covering the 

cylinder where nothing is separating the oil and the gas. Outside the oil chamber the shock has 

compressible air that is used to deal with the displacement of the piston shaft. [9] The single-tube 

has the shell case working as a cylinder with the oil, gas and piston, all inside. The free piston works 

as a separating piston, separating the oil and the gas. [12] The oil chamber is not completely filled 
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with oil since the shock requires, like with the twin-tube, an air space for the shaft’s displacement. 

[9] 

 

 
 

Figure 7. Single-tube (left) and twin-tube (right) shocks. 
 

Another shock type is the DeCarbon reservoir shock. This type of shock has a floating piston which 

separates the nitrogen from the main shock body. A problem with the DeCarbon design is that due 

to the floating piston the shock can get longer than e.g. the twin-tube shock. A solution to this was 

attaching a separate reservoir with a hose which was then improved by making the reservoir 

integral. [5] 

2.1.3 Test methods 

To measure the shocks performance and test the shock in theory, damper testing is an important 

tool. There are many different possibilities when it comes to damper testing, usually a dynamometer 

is used with various setups and tests based on the desired outcome.  

 

A durability test is designed to run for an extended number of cycles where a number of factors are 

under observation during the test. When the test has run for the desired number of cycles the 

characteristics of the damper are checked in order to verify that the damper is performing as 

expected. [13] Another test type is a fatigue test which has the purpose of testing for instance a 

single part of the shock. A requirement for the component is set with e.g. a fixed number of cycles, 

compression and tensile load. If the shock has shown no sign of failure after the test the test is 

considered approved regarded the stated requirements. [14] 

 

A stroking test is used when the shock has the same stroke frequency during the entire test. A similar 

test to the stroking test is an accelerated seal wear test. It is an effective method to evaluate 

parameters related to air seal wear and function. It has been proven to wear out the shocks’ seals 

rather quickly. The accelerated test moves the shock absorbers differently from the simple sinus 
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wave of the stroking test and is a lot harder on the seals. [15] If a more realistic test is desired a ride 

test can be performed. A ride test is implemented by using real data from riding the MTB as the 

drive file. This is a good way to see how the shock performs under real circumstances. 

2.2 X-ring seals 

Seals are made in innumerable different shapes and sizes. They are used for joining different parts 

or systems while keeping certain things inside and other outside. Gas is often sealed off and kept at 

a certain pressure. Fluid is also kept from leaking and contamination prevented. The seal’s cross 

section, material and size is determined by its intended usage. Proper sealing is evidently vital for 

proper functioning of various machinery. Failure in this regard can thus result in great cost and 

dangerous circumstances. 

 

The most common type of seal is the O-ring which has a circular cross section and can be used both 

for static and dynamic applications. [16] Dynamic applications relate to sealing of surfaces moving 

in relation to each other. This motion can be rotary, reciprocating or a combination of both. O-rings 

are sometimes used for low-speed reciprocating motions. While it can be a great solution, problems 

can arise when O-rings are improperly sized for their seal groove and experience motion. Examples 

of seals more resistance to motion like this are the rectangular seal rings and the X-ring seal. (Fig. 

8) 

 

 
 

Figure 8. X-ring seals have four lobes, providing two sealing surfaces on each side. [17] 
 

X-ring seals (also called Quad-Ring seals) are different from O-rings for they have four lobes, 

providing two sealing surfaces on each side compared to the one of the O-rings. This larger sealing 

surface for the same size of seal requires less force for sufficient sealing thus generating less friction. 

This is a real benefit as it means less heat generation and extended seal lifetime. Due to these four 

lobes the seal is also less likely to roll in its groove during reciprocating movements. Additionally, 

the seal’s parting line will never be a problem since it is placed in between the lobes, away from 

the sealing surfaces. [18] 

 

An MTB air shock includes many seals for a proper function. Its seals have different requirements 

and are therefore of different types and sizes. Each component needs to work in harmony with the 

next one and every connection point needs to be sealed off, whether it is static or dynamic. The 
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damping system requires good sealing for its damping oil and nitrogen gas and the same goes for 

other parts of the shock. The cylinder tube moves in a reciprocating motion in and out of the air 

sleeve. This requires the air inside to be sealed inside the shock as well as the two air chambers to 

be sufficiently separated as the seal head moves back and forth with the cylinder tube. 

 

Back-up rings are often used for protection purposes and for preventing seal extrusion. (Fig. 9) 

Back-up rings are required when pressure or temperature is high or if the temperature is fluctuating. 

It’s also recommended if there are a lot of contaminants in the system. If the pressure is only acting 

from one side, it is sufficient to install only one back-up ring on the opposite side - away from the 

pressure. When the pressure is acting from both sides, two back-up rings may be needed.  

 

 
 

Figure 9. Back-up rings are used at the lower pressure side of the seal to prevent seal extrusion into the extrusion gap. 

[19] 
 

X-ring seals are available in the same dimensions as the conventional O-rings. Although the X-ring 

seals have some benefits over the O-ring, the two types are interchangeable and experience most of 

the same failure modes. Some of these failure modes, common between the two seal types are listed 

in Table 1 below. Seal failure can occur if the seal and its groove are improperly designed for the 

acting forces and environmental factors.  

 
Table 1. Some failure modes of O-ring and X-ring seals. [20] 

 

Failure mode 
 

Description 

Gland design 

 

Inappropriate sizing or groove design resulting in poor seal 

performance without any visual damage. 

Over 

compression 

 

Design resulting in too high compression forces. May result 

in flat contact areas and/or cracks on the same surface. 

Explosive 

decompression 

 

Pressure drop too rapid for the elastomer’s 

modulus/hardness. Results in blisters, pits or pockets on the 

seal. 
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Installation 

damage 

 

The seal gets small cuts from sharp edges of connecting 

components or installation tools. 

Abrasion 

 

The seal wears down on the sealing surface due to high 

temperature, poor elastomer surface and/or abrasive 

particles in the environment. 

Extrusion 

 

Ragged edges on the low-pressure side of the seal caused by 

gap extrusion. This could be a result of high pressure, 

immoderate clearance and gland fill or low elastomer 

hardness/modulus. 

Thermal 

degradation 

 

Radial cracks in the seal on surfaces experiencing high 

temperatures or temperature cycling. 

Chemical 

degradation 

 

Seal degradation such as blisters, cracks and discoloration 

as a result of chemical reaction of the elastomer. 

2.3 Probability and statistics 

2.3.1 Fundamental concepts 

Arithmetic mean is the average value of a data set, 

 

 

x̅ =  
1

N
∑ xi

N

i=1

 (1) 

 

Other types of means, e.g. geometric and harmonic, will not be used in the report so the word mean 

will always refer to the arithmetic mean value. 

 

The standard error of the mean (SEM) describes the standard deviation of the mean’s sampling 

distribution. In other words, if the sampling were to be repeated multiple times, the standard error 

describes the variation of the obtained means. It is calculated as 

 

 σx̅ =  
σ

√N
 (2) 

 

where 𝜎 is the population’s standard deviation and N the sample size. 

 

For a set of data, the median value is the number in the middle when arranged from smallest to 

greatest. When the dataset has an even number of values, the median is the mean of the two in the 

middle. 
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The mode of a set of data is the most frequently occurring value. 

 

Standard deviation is used in statistics to quantify variation in a set of data. If a dataset is widely 

spread out, it has a high standard deviation while a low value indicates the data being close to its 

mean value. Standard deviation of a population is 

 

 

σ =  √
1

N
∑(xi − μ)2

N

i=1

 (3) 

 

where N is the size of the population and µ its mean value. 

 

To estimate the standard deviation of a population, without all of its data, the sample standard 

deviation is used, 

 

s =  √
1

N − 1
∑(xi − x̅)2

N

i=1

 (4) 

 

with N being the sample size and x̅ the sample mean. The sample standard deviation allows 

generalizations to be made on the population. Using N − 1 instead of just N is known as Bessel’s 

correction after Friedrich Bessel and corrects the bias in the estimation of the population’s standard 

deviation. [21] 

 

Variance is the square of the standard deviation and represented by σ2, s2 or Var(X). While it is not 

possible to add the standard deviation, the variances of uncorrelated variables can be summed up 

for the variance of their sum. 

 

 

Var (∑ Xi

N

i=1

) =  ∑ Var(Xi)

N

i=1

 (5) 

2.3.2 Normal distribution 

The normal distribution is a frequently appearing distribution in natural phenomena. It is 

characterized with its mean, µ, and standard deviation, σ, which can be used with the probability 

density function (PDF) of the normal distribution, 

 

 
f(x | μ, σ2) =  

1

√2πσ2
e

−
(x−μ)2

2σ2  (6) 
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Figure 10. For the normal distribution, 95.4 % of data is within 2 standard deviations of its mean value. [22] 
 

The cumulative distribution function (CDF) is the integral of the probability. For normal 

distribution it is 

 
Φ(x) =  

1

√2π
 ∫ e−t2/2

x

∞

dt (7) 

 

The same way the CDF is used for finding the probability of a distribution’s value being lower than 

x, the PDF can be integrated over any other range.  

2.3.3 Skewness and kurtosis 

Skewness is a quantifying factor for the asymmetry of a probability distribution of a variable around 

its mean. A normal distribution has a skewness of zero as it is symmetric. Negative skewness 

appears in a tail to the left in the probability distribution and which is often said to be left-skewed. 

The same way, a positive skewness leads to a tail to the right, right-skewed distribution. (Fig. 11) 

 

 
 

Figure 11. Skewness is a measure of a probability distribution’s symmetry. [23] 
 

The sample skewness is calculated as 

 

S =  
N

(N − 1)(N − 2)
∑ (

xi −  x̅

s
)

3N

i=1

 (8) 

 

where N is the sample size, x̅ is the mean and s the sample standard deviation. [24] 
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Kurtosis describes the form of a distribution’s tails, relative to the one of a normal distribution. A 

normal distribution has a kurtosis of three, the same as excess kurtosis of zero. Positive kurtosis 

describes a distribution having, in relation to a normal one with same mean and standard deviation, 

more extreme tail data. Probability distribution with negative excess kurtosis on the other hand has 

tail data, smaller than that of its equivalent normal distribution. [25] Distributions with kurtosis of 

three, as the normal distribution, are called mesokurtic. Ones with positive excess kurtosis are called 

leptokurtic and negative, platykurtic. (Fig. 12) 

 

 
 

Figure 12. Distributions with positive or negative kurtosis differ in form from the normal distribution with the same 

mean and standard deviation. [26] 
 

The excess kurtosis can be calculated using 

 

 

K =  
N(N + 1)

(N − 1)(N − 2)(N − 3)
 ∑ (

xi − x̅

s
)

4

−  
3(N − 1)2

(N − 2)(N − 3)

N

i=1

 (9) 

 

The standard error of skewness (SES) can be estimated with the sample size as √6/N and the 

standard error of kurtosis (SEK) as √24/N. [27] 

 

The skewness and excessive kurtosis of a distribution can be used with the relevant standard errors 

to evaluate its normality. Normality is considered up for rejection if the ratio of absolute skewness 

to its standard error is greater than 2. An absolute value of the absolute excess kurtosis, twice the 

standard error, is also an indication that the distribution is not normal. 

2.3.4 Process capability index 

The process capability index describes a processes capability to make an output within its 

specification limits.  

 

The process capability index for normally distributed processes is  

 

 
Cpk = min [

USL − μ

3σ
,
μ − LSL

3σ
] (10) 
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where µ and σ are the distribution mean and standard deviation. USL and LSL are the output’s 

upper and lower specification limits. The Cpk can be used with the standard normal cumulative 

distribution function, Φ(x) to calculate the percentage of parts outside the tolerance limit, closer to 

the mean, 

 

 p =  Φ(−3Cpk) (11) 

 

Table 2 shows the relationship between Cpk, sigma levels and process yield. A Cpk value of 1.33 is 

generally recommended for production of individual components and system inputs, equivalent to 

a sigma level of 4. A value of 1.67 is often the goal for a final design or an output signal as a buffer 

for any unknown variations. [28] 

 

Table 2. Process capability index and sigma levels relation to process yield. 

 

Cpk Sigma level Process yield [%] Defects per million opportunities 

0.33 1 68.27 317311 

0.67 2 95.45 45500 

1.00 3 99.73 2700 

1.33 4 99.99 63 

1.67 5 99.9999 1 

2.00 6 99.9999998 0.002 

2.4 Surface topography 

Surface topography has a strong effect on the interaction between two mating surfaces, wear and 

lubrication. [29] It is described using three characteristics; lay, waviness and roughness. (Fig. 13) 

[30] Lay is the term used to express the main surface pattern, determined by the surface’s 

manufacturing process. This pattern can for example be linear in a certain direction, crossed, 

circular or multi-directional. [31] Waviness of a surface is expressed with different parameters 

which all give information on irregularities from the general geometry but with greater spacing than 

the roughness. The waviness is generally recurring and caused by machine deflection, vibrations or 

heat treatment. [32] Surface roughness is the measurement of deviation of a surface from its ideal 

geometry. The roughness is generally thought about as the more frequent component of the 

deviation compared to the waviness. [33]  
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Figure 13. Surface topography is characterized with the surface lay, waviness and roughness. [34] 
 

Roughness can either be measured on a surface area or, as is more common, on a profile. The profile 

is commonly measured using a contact profilometer, (Fig. 14) dragging a stylus along the surface, 

detecting any displacements. This system is really simple compared to the non-contact ones but still 

sufficient for measuring 2-dimensional profiles. The non-contact methods, using optical 

microscopes can measure 3 dimensional surfaces very fast and require no touching of the surface. 

[35] 

 

 
 

Figure 14. Schematic of a contact profilometer. [36] 
 

The measured profile differs from the actual one because of the mechanical filtering of the probe 

tip radius. After filtering the measured profile with a low-pass filter using cut-off wavelength λs we 

get the primary profile (P-profile). The primary profile can then be further filtered with a high-pass 

filter with a cut-off wavelength λs, resulting in the roughness profile (R-profile). Filtering the 

primary profile with a low-pass filter with a cut-off wavelength λc, and then a high-pass filter with 

a cut-off wavelength λf, results in the waviness profile (W-profile). An example of the different 

profiles from the same surface measurement can be seen in Figure 15 below. 
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Figure 15. A primary profile, roughness profile and waviness profile from the same measurement. [37] 
 

The profile is measured for the evaluation length, ln, which is divided up into several sampling 

lengths, lr or lw, depending on the profile. The sampling length of the roughness profile, lr, is 

usually one fifth of the evaluation length. From these primary, roughness and waviness profiles, 

several parameters are calculated and designated with P, R or W, respectively. The most commonly 

used in design and manufacturing are the roughness parameters. Some of these roughness 

parameters are listed in Table 3 below with their definitions. 

 
Table 3. Some roughness parameters with definitions. [38] 

 

Roughness parameter Definition 

Ra Mean deviation of the roughness profile. 

Rp Maximum peak height of the roughness profile. 

Rv Maximum valley depth of the roughness profile. 

Rt Total height of the roughness profile. 

RSm Average width of the roughness profile elements. 

Rsk Skewness of the roughness profile’s amplitude distribution. 

Rz Average of the maximum height of the roughness profile within 

each sampling length. 

Rk Height of the roughness core profile. 

Rpk Average height of peaks above the roughness core profile. 

Rvk Average depth of valleys below the roughness core profile. 

Mr1 Areal percentage of peaks over the roughness core profile. 

Mr2 Areal percentage of valleys under the roughness core profile 
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There does exist a lot of roughness parameters, more than described above. Some of them are very 

easily understood and calculated while others are a bit more complicated. To understand the Rk 

parameter family for instance, one has to know what the core profile is. These parameters are based 

on the Abbott-Firestone curve which, mathematically, is the cumulative probability density function 

of the profile’s height. [39] Its tangent with the smallest slope is used to divide the profile into three 

sections from which the Rk, Rpk, Rvk, Mr1 and Mr2 parameters are calculated. (Fig. 16) 

 

 
 

Figure 16. The Abbott-Firestone curve is used to obtain the parameters of the Rk family. [40] 
 

Figure 17 shows the symbol used for surfaces that require material removal. This symbol can be 

included with information on surface texture tolerances, machining method and lay. The horizontal 

line closing the triangle in the symbol indicates that material removal by machining is required. If 

material removal is not permitted, a circle takes the place of this line. Without either the line or the 

circle, the stated surface can be obtained by any process. 

 

 
 

Figure 17. The symbol used to indicate a surface requiring material removal. Information on (a, b) surface texture, (c) 

machining method, (d) lay and (e) machining allowance can be included. [41] 
 

A really smooth surface is often desirable but different manufacturing methods can deliver different 

values of the roughness parameters. Table 4 below shows what values of Ra can be achieved with 

some common manufacturing methods. Extra time and effort can be needed for the machining of 

these surfaces which also require high quality tools and even still, additional surface treatment can 

be required. In general, the lower roughness parameters needed on a surface, the higher the cost. 
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Table 4. Some manufacturing methods with resulting roughness values. [30] 

 
Ra [µm] 50 25 12.5 6.3 3.2 1.6 .8 .4 .2 .1 .05 .025 .012 

METAL CUTTING                           

sawing 

                          

                 

planing, shaping 
                          

                 

drilling 
                          

                     

milling 

                          

               

boring, turning 

                          

         

broaching 

                          

                     

reaming 

                          

                     
                           

ABRASIVE                           

grinding 
                          

             

barrel finishing 
                          

                 

honing 
                          

                 

electro-polishing 
                          

               

electrolytic grinding 
                          

                       

polishing 
                          

                 

lapping 
                          

                 

superfinishing 
                          

                 
                           

Ra [µm] 50 25 12.5 6.3 3.2 1.6 .8 .4 .2 .1 .05 .025 .012 
               

 Common              
              

 Less frequent              

 

A type of manufacturing method used to eliminate surface imperfections, such as an amorphous 

layer that can occur during grinding, polishing or hard turning, is a superfinishing technique. 

By using this superfinishing method, a surface finish as fine as an Ra value of 0.012 m or even 

lower can be reached. Unlike polishing processes that attempt to reach a mirror-like surface finish, 

the superfinishing technique leaves a controlled cross-hatch pattern. (Fig. 18) 

 

Different methods are used for the superfinishing technique, depending on the shape of the 

component. For cylindrical parts a process called through feed process is used. The part is rotated 

between two rotating drive rolls while pressure from oscillating stones/tape is applied. 

If the component is irregularly shaped a plunge process is used. A superfinishing stone contacts the 

part which is rotating. For a flat and spherical superfinishing result a cup wheel is used. The part 

and cup wheel are rotated in the opposite direction in order to create the cross-hatched pattern. [42] 
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Figure 18. The superfinishing process leaves a cross-hatched pattern on the treated surface. [43] 

2.5 Robust design 

2.5.1 Objective 

Deviation from an expected function of a product or an output of a process is caused by variations 

of the inputs. The purpose of a robust design is to improve the output by minimizing its sensitivity 

to these variations. Rather than minimizing the variations, the final design should be stabilized as 

much as possible. [44] This can be much more effective and less expensive method for improved 

quality as it can become very costly to eliminate variations in production or the environment, if at 

all possible. [45] 

2.5.2 The Taguchi method 

One of the biggest influencers in robust design is the Japanese scientist Genichi Taguchi. According 

to Taguchi, quality loss is “the amount of functional variation of products plus all possible negative 

effects, such as environmental damage and operational costs.” [46] Taguchi said that traditional 

quality checks, rejecting components not meeting their specifications, did not improve the product. 

He believed that quality must be designed into a product. [44] 

 

The Taguchi method for robust design was first implemented in process design rather than product 

design. It was thought more of being a method for the design of experiments rather than a design 

methodology. [47] He developed a structure for statistical design of experiments that is adapted to 

the requirements of engineering design. The method is now used both for optimizing the product 

design as well as the manufacturing process design. [45] 

 

There are several steps to follow when implementing the Taguchi method. (Fig. 19) First, defining 

the relevant factors, control, noise and signal factor. Identifying the objective function and what 

response is sought. An experimental plan needs to be conducted where an orthogonal array is 

created using design of experiments. Special notice needs to be put to the number of trials, the trial 

conditions and how everything is to be measured. When the experimental plan is fully developed 

and every decision concerning the implementation of the experiment has been decided, the 

experiments are performed. The results are then analysed and appropriate factor settings chosen. 

These factor settings need to be validated by running the experiment one more time with the optimal 

factors. [28] 
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Figure 19. The Taguchi methods process. [44] 
 

The Taguchi method identifies two types of design variables, control and noise factors. Control 

factors are those parameters that is possible and practical to control e.g. material selection and 

dimensions. Noise factors, however, are variables that can influence the design but are difficult or 

expensive to control. [44] The noise factors can be sub-divided into five categories. The first being 

piece-to-piece variation which applies to the parameters that are within engineering tolerances. 

Secondly degradation, when the nominal values of parameters change over time, e.g. due to wear 

and thirdly when components fail when fully assembled in a complete system because of 

interactions with one another. Environmental factors such as temperature and humidity also play a 

vital role and lastly the effect of multiple different users handling the component. [28] The variation 

in these factors is what the response should be aimed to be made robust against. 

 

Noise factors cannot be controlled during product use, but they need to be simulated and controlled 

in the experimental settings. The noise factors are controlled and changed in order to see what 

impact they have on the system. From that information, the optimal settings for the control factors 

can be made so the response becomes insensitive to the variations in the noise factors, making the 

product or process robust. [48] 

 

Another factor to consider is the signal factor. The signal factor is not used in a static design, only 

in a dynamic one. Dynamic design aims to improve the functional relationship between a signal 

factor and an output response. All of these factors, along with the response can be summarized in a 

P-diagram, (Fig. 20) clearly defining the development scope. [45] 
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Figure 20. A typical P-diagram, if there aren’t any signal factors they are not included in the diagram. 
 

2.5.2 Design of experiments 

In robust design, there are two main types of experimental designs; combined arrays and orthogonal 

arrays (inner and outer arrays). The combined arrays focus on the control-by-noise interactions by 

selecting control factors so that the response becomes insensitive to the noise factors’ values. (Table 

5) 

 

Table 5. An example of a combined array. 

 

Control factors Noise factor Response 

A B C y 

- - - y1 

- + - y2 

+ - - y3 

+ + - y4 

- - + y5 

- + + y6 

+ - + y7 

+ + + y8 

 

The Taguchi method uses inner and outer arrays. The inner array includes the control factors and 

the outer array the noise factors, see Table 6. The arrays are used to evaluate the effects of factors 

on the response’s mean and variation. This allows for each factor to be estimated independently. 

By treating the calculated mean and standard deviation for each row as a response, both the accuracy 

and precision can be easily analysed. It is also good for including replicates for a better 

understanding of the dispersion. This can, however, require many test runs. [44] 
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Table 6. A demonstration of a two level orthogonal array. 

 

  Noise factors 

  C - - + + - - + + 

  D - + - + - + - + 

Control factors E - - - - + + + + 

A B          

- -  y1 y2 y3 y4 y5 y6 y7 y8 

+ -  y9 y10 y11 y12 y13 y14 y15 y16 

- +  y17 y18 y19 y20 y21 y22 y23 y24 

+ +  y25 y26 y27 y28 y29 y30 y31 y32 

 

When following the Taguchi method, the control and signal factors usually take on two or three 

levels. The different combinations of control factors are used and replicated over the different 

combinations of noise factors. From each control factor combination, the mean value is calculated 

along with the standard deviation. The results are used to analyse the effects on the average output 

and robustness. A set of parameter values is then selected based on this information. [28] 

 

A full factorial design can be used when the number of levels and factors are not too many. The 

number of test runs conducted are nk, where n is the number of levels and k is the number of factors. 

This means that a two level full factorial design with 8 factors requires 256 trials. For this reason, 

a full factorial design is not always practical as each test can often be both time consuming and 

expensive. In some cases, though, it is possible to carry out such a detailed plan. Each case has to 

be evaluated for a suitable approach. 

 

When numerous factors are known to affect the response, a screening design can be used to identify 

the most important ones before doing more detailed experiments. Some factor combinations are 

excluded, of the using a fractional factorial design of some type, and the significance of each main 

effect is examined. The number of test runs is thus lowered for an efficient assessment of the 

importance of potential parameter. Fewer test runs come at the cost of less information obtained 

and details, such as on interactions between factors, are generally dismissed for the screening 

process. 

 

The factors chosen from the screening design are then further examined. After decreasing the 

number of factors under examination, a full factorial design can often be implemented. The design 

can also be extended for higher order interactions and replications. 

 

An empirical model can be developed using the overall mean, each factor’s main effect and all 

interaction effects. For a design with replication on every test, the same can be done using the 

standard deviation as an output. The overall standard deviation and each factor’s effect on it can be 
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examined for optimization on the response’s robustness. As the design is extended with more tests, 

increased accuracy and higher order polynomials are possible for the empirical model. 

2.6 Tolerance analysis 

Tolerances play an important role in the detailed design of product’s components, interacting with 

each other or something else. They ensure that system requirements are fulfilled and components 

are interchangeable. When the final product has been manufactured it must be possible to assemble 

the product by randomly choosing its components without it losing the desired function and form. 

[28] Identifying the parts needing tight tolerances makes it possible to improve the chances of the 

parts meeting the design requirements. [49] 

 

When choosing tolerances, a good stability needs to be obtained between end-customer 

requirements, production capability and cost requirements. A conflict may occur between the 

designer and the manufacturer. The designer tends to have the tolerances as tight as possible in 

order to guarantee the products intended function. The manufacturer, however, tends to choose wide 

tolerances that will result in lower production cost. To achieve acceptable tolerances, tolerance 

analysis along with techniques to help establish appropriate tolerances from a systems perspective 

are used. There are three main methods for determining tolerances, historical tolerancing, worst-

case tolerancing and statistical tolerancing. [28] 

 

Historical tolerancing is regularly used when the engineering model is unknown and the tolerances 

are copied from older products. At first the tolerances are set rather tight for reduced risk but later 

on they can be widened if determined safe. Wider tolerances are easier to manufacture which can 

result in greatly decreased cost. In the same way however, they can also be tightened back or even 

more if problems occur. This method is not recommended but it is sometimes the only plausible 

option when new products are being developed based on older designs. [28] 

 

Worst-case tolerancing, or worst-case stacking, is a simple and intuitive method to deal with 

tolerance stack-up; multiple parts making up a system with the system tolerance determined by its 

individual components. [50] It takes the upper and lower specification limit (USL and LSL) for 

each part of an assembly and sums them all up for each parameter, disregarding the distribution of 

individual parts. This way guarantees the assembly to be within the desired limits no matter the 

stack-up combination. It does however, often require extremely tight tolerances on individual 

components. It’s important to make sure that the chosen tolerances are compatible with the design 

function and manufacturing process. There is a possibility that the tolerance stack-up is too large 

for the design or assembly process. Especially if the number of components is high, leading to 

excessive tolerances. (Fig. 21) In that instance other methods need to be considered. [28] The 

method can be a good solution though for critical parts, when the stakes are high and failure would 

be disastrous. [50] 
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Figure 21. Demonstration of how tolerance stack-up can lead to excessive tolerance. [28] 
 

Tolerances must be chosen so the product is fully functional in spite of any variations in its 

manufacturing or inputs. They should also be reasonable and the product manufacturable without 

any special controls, such as inspection on every component. Neither the historical tolerancing 

method nor the worst case tolerancing guarantees both the functional requirements of a product and 

manufacturability. Statistical tolerancing gives the possibility of achieving performance 

requirements while considering manufacture capabilities and keeping cost to a minimum. The 

method uses the system variance to determine the variances of individual components. 

 

For linear systems where 

 y = x1 + x2 + ⋯ + xn (12) 

 

the root sum square (RSS) method can be used, a type of statistical tolerancing. Then the variance 

of y is 

 σy
2  = σx1

2  + σx2
2 + ⋯ + σxn

2  (13) 

 

The standard deviation of y for a certain capability index can be calculated using equation 13. The 

output variance is then allocated across the inputs x1 to xn and tolerances specified. Again, using 

the process capability index. 

 

For more complex, non-linear systems, the RSS method is not applicable. Taylor series 

approximations must be used in such cases for calculating the variances for statistical tolerancing. 

For input distributions other than normal, percentiles, equivalent to the desired process capability 

index, can be used with the appropriate distribution function. [28] 
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3  METHOD 

3.1 Design of experiments 

By thoroughly investigating and studying what factors can contribute to the shock’s air leakage an 

Ishikawa diagram is created. (Fig. 22) An Ishikawa diagram is a good way to get an overview of 

potential causes.  The diagram is created by first defining the problem that will be studied, here the 

air leakage. The main attributes contributing to the problem are identified as the lubrication, seal 

properties, the bike rider, environment, piston-cylinder and the bike. Each cause is further studied 

and relevant properties listed for evaluation. 

 

 
 

Figure 22. An Ishikawa diagram for an MTB rear shock’s air leakage. 
 

Surface roughness of the cylinder tube, lubrication and seal dimension is chosen from the Ishikawa 

diagram for further investigation of their contribution to air leakage.  

 

A total of eight test samples are tested in a full factorial experiment with two controllable factors, 

the lubrication fluid and surface roughness of the cylinder tube. Two types of lubrication fluids are 

used and the surface roughness is tested on two levels. Additionally, the air seal’s inner diameter, 

which experience reciprocating motion against the cylinder tube is tested on two levels and 

considered a noise factor. The response from each of the eight tests is the number of cycles to failure 

in a dynamometer test. A detailed explanation of the test used and failure criteria can be found in 

chapter 3.3.2. Table 7 demonstrates all test samples, numbered 1 to 8, and the level of all factors 

for each sample. 
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Table 7. The experiment includes tests of eight different shock setups. 

 
    

1 2 
  

Seal id - + 
 

Lubrication Surface roughness 
  

Cycles to failure: 

1 - - 
  

[#1] [#5] 

2 + - 
  

[#2] [#6] 

3 - + 
  

[#3] [#7] 

4 + + 
  

[#4] [#8] 

 

 

The eight test samples are tested in random order according to Table 8. 

 

Table 8. The shocks are tested in random order. 

 

Test # Lubrication Ra [m] Seal id 

1 A Superfinishing + 

2 A Standard - 

3 B Standard - 

4 A Standard + 

5 B Standard + 

6 B Superfinishing + 

7 B Superfinishing - 

8 A Superfinishing - 

3.2. Test sample preparation 

3.2.1 Air shock components 

Components for at least 23 air shocks were obtained for the experimentations. These are all 

prototypes for a shock that was in a late stage of its development but never reached the market for 

commercial reasons. An assembly drawing of the shock with all components can be found in 

Assembly A. 

3.2.2 Lubrication 

The shocks being tested are all assembled using a grease typically used for the manufacturer’s 

product assembly. For further lubrication on the two reciprocating seals during use, 2 mL of 

lubrication fluid is placed in the shock’s negative air chamber. The fluid generally used by the 

manufacturer will be used for half the test samples and hereafter called lubrication fluid A. 

Lubrication fluid B is an alternative option and will be used for the other half of the test samples. 

This fluid is known to be used by one of the manufacturer’s competitors. 
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3.2.3 Air seal diameter 

The negative air chamber is sealed off with two X-ring seals. (Fig. 23) The slightly bigger one of 

the two in diameter, hereafter called the main seal, separates the negative air chamber from the 

positive. The smaller one however, called the air seal, separates the pressurized air from the 

atmospheric outside the shock. 

 

 
 

Figure 23. One X-ring seal is located on either side of the shock’s negative air chamber. 
 

Experience shows that the air seals generally wear out quicker and they are believed to be the 

component most likely to fail, causing air leakage from the shock. When examining the preload 

acting on the air seals it is clear that the widest tolerance range affecting it is the one from the seal 

production itself. The seal diameter is therefore included as a factor in the experiment. The seal’s 

manufacturer specifies its inner diameter as 28.17 ± 0.3 mm and thickness 3.53 ± 0.1 mm. To 

evaluate if two levels of seal sizes with significant difference could be obtained, a total of 111 seals 

were measured using a Mitutoyo PJ300 profile projector. (Fig. 24) 
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Figure 24. A Mitutoyo PJ300 profile projector was used to measure seal diameter and thickness. [51] 
 

The seals were placed one by one on the projector’s glass table and their inner diameter measured 

four times in a star-like pattern. Their thickness was measured four times as well in a cross-like 

pattern. (Fig. 25) 

 

 
 

Figure 25. The inner diameter and thickness of 111 X-ring seals were measured, four ways for each seal. 
 

All measurements performed on the seals can be found in Appendix B and a histogram of each 

seal’s mean diameter and thickness in Figure 26.  
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Figure 26. Histograms of the measured air seals’ inner diameter and thickness. 
 

Some characterizing values of the air seal dimensions are listed in Table 9.  Some negative skewness 

of the inner diameter is apparent from the histogram, but it does not exceed twice the standard error. 

Both the inner diameter and thickness are therefore considered to follow a normal distribution. 

 

Table 9. Characterizing values of the air seal dimensions. 

 
 

Inner diameter Thickness 

Manufacturer’s specification 28.17 ± 0.3 mm 3.53 ± 0.1 mm 

Mean (x̅) 28.30 mm 3.52 mm 

Standard deviation (s) 0.06 mm 0.02 mm 

Skewness (S) -0.43 -0.08 

Standard error of skewness 0.23 0.23 

 

The thickness was measured with a mean value of only 0.01 mm from the manufacturer’s 

specification. The inner diameter however was measured to have a mean value 0.13 mm over the 

specification with a standard deviation of 0.06 mm. It is difficult to say why the measurements do 

not correlate with the mean values stated by the manufacturer. It might be a measurement error, 

causing all seals to be measured little over their true dimensions or it might simply be that the batch 

measured was bigger than the overall nominal dimension. Every dimension of the samples observed 

was measured inside the specified tolerance range so the two do not really conflict with each other. 

 

The measurements above indicate that two levels of inner diameter can be obtained with the seals 

available for experimentations. The lower level will include seals of inner diameter below 28.22 

mm and the upper level above 28.38 mm. 



44 

 

Since the air seals are believed to be a determining factor on the air leakage from the shocks, each 

of them is examined thoroughly after each test. 

3.2.4 Cylinder tube surface roughness 

When the shock is in use, the air seal’s inner surface slides on the cylinder tube in a reciprocating 

motion. The outer surface of the cylinder tube, where it is in contact with the air seal, is thus of a 

real importance. The cylinder tube’s manufacturing drawing can be seen in Figure 27 below. The 

roughness tolerances have been hidden as well as other tolerances of the part. Superfinishing, a 

rather simple and low-cost addition to the cylinder tube’s surface treatment, could be added to the 

its standard manufacturing. To investigate the effect of a finer surface and if there is a real benefit 

to it, half of the shocks are tested after being treated with a superfinishing method on the cylinder 

tube.  

 

 

 
 

Figure 27. The cylinder tube has detailed surface roughness tolerances for the outer surface. 
 

During preparation for the experiments on the shocks a total of 12 cylinder tubes were surface 

treated for a finer surface than the standard requirements. The tubes were spun in a lathe-like 

machine while being pressed against an abrasive stone. All of the surfaces treated cylinder tubes 

were measured as well as an equal amount of tubes from standard manufacturing. The 

measurements were performed using a Mitutoyo Surftest SJ-500 contact profilometer with an 

evaluation length of 4.0 mm and sampling length 0.8 mm. From the measurements, it was found 

evident that the standard manufacturing method is more than capable of producing a surface 

according to the tolerances stated in the component’s manufacturing drawing. (Fig. 27) Additional 

surface treatment to the outer surface showed significant lower values for primary parameters. 

3.3 Experiments 

3.3.1 Preparation 

With the air sealing being the main thing under examination, a number of components, e.g. the 

damper unit, were regarded irrelevant and excluded from the assembly. Before each test, the shock 
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must be assembled according to the instructions in Appendix C. Every component must be 

thoroughly examined and a suitable air seal, lubricant fluid and cylinder tube used for the particular 

test sample. The shock is then filled with air using a typical shock pump through another pressure 

gauge (Fig. 28) with a retractable pin, pressing on the shock’s valve stem. This way, the valve can 

be closed while still under pressure and an accurate reading is obtained, approximately ±5 psi from 

the target value.  

 

 
 

Figure 28. The shock is pumped through a digital pressure gauge 
 

In order to pressurize the shock’s negative chamber, it is pumped approximately twenty-five times 

using a manual press machine. It is then weighed before being fastened in a dynamometer. The end 

eyes are bolted in a double shear clevis, with the shock oriented upside down with the air sleeve 

below. (Fig. 29) It is of high importance to always keep the two clevis fixtures in line with each 

other for an even load on the seals and equivalent tests. 
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Figure 29. The shock is tested in a dynamometer. 
 

The dynamometer uses hydraulics to compress and decompress the shock. Its motion is controlled 

by a computer file with time and position so there are endless variations possible for testing. A load 

cell is located above the upper fixture in the dynamometer for measuring force in the vertical 

direction. The force, shock position and temperature are then observed by a computer throughout 

every test and a maximum and minimum value logged with a predetermined frequency. For safety, 

maximum and minimum values are also predetermined for the force and temperature, stopping the 

machine if exceeded. This allows for long test runs without a person’s constant monitoring. 

 

During a test, air is flowing constantly on the test sample to control its temperature. A temperature 

gauge is attached with aluminium tape to the shock’s air sleeve, close to the position of the main 

seal. It is positioned away from the air tubes so it’s not directly in the airflow and further protected 

with a piece of foam. When a test is started, the shock’s temperature rises because of friction. The 

cooling airflow is then manually controlled until a balance has been achieved with suitable 

temperature. 

 

A checklist on how to prepare for and perform these tests can be found in Appendix D. This 

checklist is used for a consistent testing method and to ensure all necessary steps are taken. 

3.3.2 Test selection 

A suitable test and test parameters must be chosen to perform the experiment plan described in 

section 3.3.1. Because of time constraints on the project, a desired maximum time length of a single 

test was around 22 hours. This would make it possible to set up and run at least one test per day in 

a dynamometer. Based on the various test methods and tests conducted by the manufacturer on 
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shock durability, seal wear and air leakage, accelerated testing is evidently needed for the timeframe 

available. 

 

In an attempt to investigate the air leakage within the specified timeframe, an accelerated seal wear 

test is performed. It has been found to be an effective method to evaluate parameters related to air 

seal wear and function. [15] Appropriate values of stroke length and average speed were initially 

determined as the values generally used by the shock’s manufacturer. Using the same values would 

give the opportunity to compare the results to other tests within the company. Table 10 lists some 

of the characterizing factors for the accelerated seal wear test.  

 

Table 10. Some characteristics of the accelerated seal wear test performed on MTB shock absorbers. 

 

Parameter Value / Comment 

Stroke length 75 % of possible stroke. Start 1 mm compressed from 

static length. 

Temperature Cooling with air. Stop due to high temperature if needed. 

Record number of stops. 

Weight Each shock is weighed before and after the test. 

Time Test run for predetermined number of cycles. Record time 

needed for the test. 

 

Instead of testing the shocks for a predetermined number of cycles or time, they are tested until 

failure. Certain OK/NOK criterion is specified in the manufacturer’s verification test program 

template, such as for damping force change, air pressure drop and friction increase. For the 

experiments explained in this report, the damping force will be excluded. Instead of specifying a 

failure criterion for the air pressure, the max/min cycle forces will be examined. Drop in the 

maximum cycle force indicates air leakage and its rate and time can be examined from the force 

diagram. 

 

For comparison between test samples, a friction test is performed on the shock before each 

accelerated seal wear test. The shock is started 1 mm from static position and cycled 10 times before 

the friction is measured for both compression and rebound at 4 different speeds; 0.001, 0.002, 0.003 

and 0.005 m/s. [52] Each shock is also weighed before and after its tests. 

 

3.3.3 Test adjustments 

The signal response from the seal wear tests is the number of cycles to failure and the test should 

be reasonably tough on the shock. It may not generate so much force on its components that the 

seals or other parts break straight away. It would then be hard to account for the effect of each 

control factor. It would also be impossible to relate the results to actual usage if components started 

to break that would never break or experience such loads on any track. Neither can the test be so 

undemanding on the seals that it takes too long or does not fail at all. A response is needed for a 

comparison between the control factors and to find a good combination of values.  
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It proved to be difficult to adjust the accelerated seal wear test, for a proper response. The first few 

tests, with no damping, showed no wear on the shocks after more than 100,000 cycles. After the 

first three tests however, some components were discovered to have been improperly machined. 

The air sleeves were missing the transfer ports, so the negative air chamber never got properly 

pressurized. With long lead time on the component, which is manufactured in a different continent, 

it was impossible to get new ones within the project’s time constraints. Changes were made to the 

shock assembly to get pressure on the air seal. The main seal was removed and pressure increased 

in the air chamber to compensate for the different pressure curve throughout each cycle. 

Nevertheless, the accelerated seal wear test remained ineffective. Some fluctuation was apparent 

though in the minimum cycle force during the test. There seemed to be an occasional movement of 

air inside the air sleeve. One of the main backup rings had been left in the shock to keep it from 

losing stability and it seemed like the ring was sealing air to some degree. Grooves were made in 

the backup ring to let air flow over it. In later tests, part of the ring was cut off as it was both easier 

and as effective. (Fig. 30) 

 

 
 

Figure 30. When removing the main seal, its backup ring had to be adapted to let air pass over it. 
 

Damping was included to see if it affected the results in any way. The average speed was increased, 

but the shock still did not fail after running over a whole weekend.  

 

An air sleeve, fitting the other test components, was found and used for tests #7 and #9 to #18. For 

test #8, a different type of shock from the same manufacturer was tested, fully assembled, without 

a failure after 45 hours. It did however show significant wear on the main seal, seemingly without 

fully loosing performance. 

 

The frequency was brought back down and the stroke length increased. Increasing the stroke length 

also increases the speed as well as causing much higher forces acting on the shock. The pressure 

changes inside the air sleeve became more rapid and the shock started to show signs of failure. Air 

leakage over the air seal, out of the air sleeve, did not occur however. Damping components broke 

in few of the tests and the main seal showed significant amount of wear. Air leaked over the main 

seal, changing the shock’s spring characteristics. The air seal however, successfully held the air 

inside and only showed minor signs of wear compared to those of the main seal. 

 

Table 11 contains a short summary of the setup changes made and described in the text above. 
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Table 11. Summary of setup changes to the accelerated seal wear tests. 

 

Test Setup Time [h] Failure 

1 No damping. 200 psi. 40°C. Stroke 33.75 mm. 18.5 ✗ 

2 Rotated air sleeve below. Control factors changed. 22.0 ✗ 

3 Temperature increased to 50°C. 16.5 ✗ 

4 Main seal removed. Pressure increased to 300 psi. 24.0 ✗ 

5 Grooves in main backup ring. 42.0 ✗ 

6 Damping included. 20.0 ✗ 

7 Speed increased. Part of backup ring cut off. 0.5 Damping 

8 No damping. 72.0 ✗ 

9 Speed decreased back. Transfer port included. 200 psi. 20.0 ✗ 

10 Different shock type tested, fully assembled. 45.0 ✗ 

11 Damping included. 220 psi. 20.0 ✗ 

12 Stroke 40 mm. 250 psi. 72.0 Main seal 

13 Stroke 42 mm. 11.0 Piston 

14 All internal components renewed. Stroke 40 mm. 7.0 Piston 

15 Damping forces decreased. 20.0 Main seal 

16 No damping. Stroke 42 mm. 3.5 Main seal 

17 Same as before. 3.5 Main seal 

18 Stroke 40 mm. 3.0 Main seal 

19 No transfer ports. No main seal. Part of backup ring cut off. 20.0 ✗ 
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4  RESULTS  

Nineteen accelerated seal wear tests were conducted on various air shock assemblies. Different 

stroke lengths and stroke frequencies were used for the tests, leading to different forces and speeds. 

None of the nineteen tests resulted in a failure of the air seal, the expected outcome of the seal wear 

test. After number of shocks showed no signs of wear within a reasonable time limit, the test was 

made harder. Some wear started to show on the air seal, but it was nowhere near the wear of the 

main seal. Other components also failed because of the high forces and heat from the damping oil. 

Table 12 contains a summary of the executed tests. Further information with graphs showing cycle 

forces and temperature for each test is included in Appendix E. 

 
Table 12. Summary of accelerated seal wear tests. 

 
Test  

# 
Stroke  
[mm] 

Speed 
[m/s] 

Transfer 
port 

Pressure 
[psi] 

Duration  
[h] 

Failure 

1 34 0.10 ✗ 200 18.5 ✗ 

2 34 0.10 ✗ 200 22.0 ✗ 

3 34 0.10 ✗ 200 16.5 ✗ 

4 34 0.10 ✗ 300 24.0 ✗ 

5 34 0.10 ✗ 300 42.0 ✗ 

6 34 0.10 ✗ 275 20.0 ✗ 

7 34 0.17 ✗ 300 0.5 Damping 

8 34 0.17 ✗ 300 72.0 ✗ 

9 34 0.10 ✓ 200 20.0 ✗ 

10 34 0.10 ✓ 200 45.0 ✗ 

11 34 0.10 ✓ 220 20.0 ✗ 

12 40 0.12 ✓ 250 72.0 Main seal 

13 42 0.13 ✓ 250 11.0 Piston 

14 40 0.12 ✓ 250 7.0 Piston 

15 40 0.12 ✓ 250 20.0 Main seal 

16 42 0.13 ✓ 250 3.5 Main seal 

17 42 0.13 ✓ 250 3.5 Main seal 

18 40 0.12 ✓ 250 3.0 Main seal 

19 40 0.12 ✗ 350 20.0 ✗ 

 

Eight of the nineteen tests resulted in a failure. Other tests were all stopped before significant 

changes in the shock‘s performance. Damping components failed in few of tests. The damping 

piston broke twice (Fig. 31) in the same way and the separating piston once. (Fig. 32)  
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Figure 31. A part of the damping piston broke in the same way during test #13 and #14. 
 

 

 
 

Figure 32. The separating piston bent excessively during test #14. 
 

Using almost all of the shocks travel, the stroke length was increased to 40 and 42 mm. With the 

increased stroke and transfer ports in the air sleeve, failure occurred in every test. Figure 33 shows 

how the outer lobes of the main seals from tests #17 and #18 wore down.  

 

 
 

Figure 33. The main seals from tests #17 (above) and #18 (below). 
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Particles from the main seal covered the seal head and inside of the air sleeve after tests #15 to #18. 

(Fig. 34)  

 

 
 

Figure 34. The seal head was covered in particles from the main seal after test #17. 
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5  DISCUSSION 

During the investigation of air leakage in the shock absorber’s air spring, there were both things 

that went well and as expected as well as things that could’ve been done differently or gone better. 

Gathering information and seeking data was not a problem and everything was very accessible. The 

setup and usage of the dynamometer was easy and there were never any problems with it. 

Assembling the air shocks was a little time consuming in the beginning but overall went well, apart 

from some of the components not being manufactured as intended. Due to that, the first tests 

performed ran on faulty components, so the shock did not work as designed.  

 

When choosing which test method to use there were several options available. In the end, an 

accelerated seal wear test was chosen due to its ability to wear out the seals in a relatively short 

time frame. If the test period would’ve been longer, other tests might have been chosen such as a 

simple stroking test or a test using track data. As mentioned in chapter 3.3.3 Test adjustments, 

several changes were made on the test and on the shock assembly to seek the response that was 

aimed for. These changes did not result in failure on the air seal but after increasing the stroke length 

significantly, other parts of the shock started to fail.  

 

The initial stroke length used during the tests was 33.75 mm. It was increased up to 40 mm and then 

42 mm. Every millimetre change of the stroke length has a great impact on the pressure as well as 

increasing the speed when the frequency is kept constant. For test 13, the stroke length was 

increased from 40 mm to 42 mm which resulted in the damping and separating pistons. The main 

seal also wore out completely and particles from it were spread over the entire air sleeve. This 

indicates that increasing the stroke length so much resulted in a test too harsh on the shock’s 

components. This could be further explored; testing a stroke length of approximately 36-38 mm. 

The forces acting on the seals would decrease and the components showing failure before might 

outlast the seals.  

 

Instead of observing and monitoring the force acting on the shocks, it would be possible to monitor 

the pressure. By monitoring the pressure it’s easier and clearer to see if air starts leaking from the 

air spring than if the force is being monitored. The force changes can be caused by multiple things 

and it has to be determined by investigating the shock’s components after each test. The 

dynamometer that was used only had the possibility to run a test on one shock at a time. In order to 

safe time it would’ve been convenient to use a dynamometer that can run multiple shocks 

simultaneously. If that had been the case, some problems might have been discovered earlier in the 

process.  

 

The shock absorber that was used for the experiments did not go through all stages of a complete 

design process. The test samples were prototypes for a shock with some components possibly 

needing further evaluation. Using another type of air shock could’ve given different results in the 

case of air leakage and seal wear. For instance, a shock that has been tested using an accelerated 

seal wear test and has known results that can be used for comparison, e.g. shocks that are on the 

market now or shocks that are known to have said problem with air leakage.  
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It would’ve been interesting to investigate more factors affecting the air leakage. Instead of only 

measuring the air seal diameter and width it would’ve been possible to observe the groove’s 

dimensions as well. Either manufacturing the groove in two different dimensions or using the same 

method as with the seals; measuring every groove and dividing the air sleeves in two groups 

depending on the size of the groove. More factors that have an impact on the preload could’ve been 

controlled. The air seals were all measured manually using a Mitutoyo PJ300 profile projector. This 

procedure was really time consuming and it is hard to get consistency between measurements due 

to the out-of-roundness of the seals. Using an O-ring measuring cone along with the profile 

projector, a more accurate measure can possibly be achieved. The process would still be really time 

consuming however. Optical measuring machines can measure many seals at a time with very high 

accuracy. The seals are placed on a rotating glass table and are measured with a line scan camera. 

The machine takes measurements on several thousands of points on the seal. The outer and inner 

diameter of the seal can be measured as well as the wall thickness. This measuring technique is 

completely contactless, which is a big advantage compared to using the Mitutoyo machine which 

requires the seals to be handled during each measurement. [53] 

 

When observing the tests that were conducted and the reasons why failures occurred, it is interesting 

to see that the main seal always failed before the air seal started to wear out. This occurred as well 

when the TTX shock was tested, suggesting that something could be improved. The investigation 

plan could be carried out but instead of focusing on the air seal, the main seal could be the main 

focus. It would also be possible to broaden the scope of the project and look into the behaviour of 

both seals. It can be assessed when analysing the results from the tests that were conducted that 

something was wrong with the air shock. Another possibility would be to measure and treat the 

surface roughness inside the air sleeve, the surface in sliding contact with the main seal. It’s more 

complicated to surface treat the surface inside the air sleeve than on the cylinder tube but should be 

plausible nevertheless.  
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6  CONCLUSIONS 

The investigation aimed to answer these two research questions: 

 

- How does surface topography, seal preload and choice of lubrication influence seal wear 

and amount of air leakage from an MTB air shock? 

- Can a certain set of parameters for these factors be chosen to minimize the sensitivity of 

production variation to air leakage? 

 

Due to the problems encountered during the experimental phase, these research questions cannot 

be fully answered. Nineteen tests were performed with the goal of finding an adequate experimental 

setup, causing accelerated air leakage failure of an MTB shock absorber’s air spring. None of the 

tests resulted in failure of the air seal, although one of tests led to significant wear on the seal.  

 

By increasing the stroke length, the force increased greatly which resulted in rougher conditions on 

the shock’s components. The shock’s temperature got more difficult to control and air cooling had 

to be increased to keep it the same. Several other parts of the air shock failed, and the significant 

wear of the main seals should be investigated further.  

For the project to be further carried out, a consistent experimental setup needs to be achieved. 
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7  FUTURE WORK 

7.1 Recommendations 

To continue this project there are several things that need to be examined and further evaluated. 

Some components of the air shocks were not completely developed and not correctly manufactured. 

For further experiments, the experimental plan should be carried out on a shock that has a known 

problem with air leakage and is fully manufactured.  

Since the main seals responded much more to the increased force than the air seals they need to be 

investigated in more detail. The most effecting method would be to look into the preload by 

measuring the diameter and width of the main seals. Another factor that affects the preload is the 

groove size both on the air sleeve and the seal head. A further research on how these two factors 

will affect the seal wear needs to be conducted prior to including it in the experimental plan. The 

results can be used to perform calculations on how much the preload differs from using the smallest 

to the biggest seals. If it has a significant impact on the preload pre-measuring the seals could be 

important prior to assembly. For these measurements an optical measuring machine would be 

recommended in order to increase accuracy and save time. 

7.2 Future work 

For a further development of the project and to answer the research questions, the following 

considerations should be made: 

- Appropriate stroking length for the test should be found. Possibly in between the values 

used in this report. 

- Test samples should be manufactured as designed for clearer interpretation of test 

behaviour.  

- Find a stable test method with a consistent response.  

- Perform the tests on a different type of air shock for comparison. 

- If suitable, include the main seal dimensions and groove sizes as noise factors. 

- Consider test parameters regarding the main seal.  

- Consider a screening test setup with the added parameters which can then be expanded for 

more details.  
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APPENDIX A: ASSEMBLY DRAWING 
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APPENDIX B: AIR SEAL DIMENSIONS 

 

Dimensions of 111 X-ring seals were measured using a Mitutoyo PJ300 profile projector. The inner 

diameter and thickness measurements for each seal can be seen in the table below. 

 
Table 13. Measurements of X-ring seals’ dimensions using a profile projector. 

 

Seal 
# 

Inner diameter [mm] Thickness [mm] Mean inner 
diameter 

[mm] 

Mean 
thickness 

[mm] id1 id2 id3 id4 t1 t2 t3 t4 

8 27.966 28.359 28.032 28.257 3.531 3.525 3.523 3.518 28.15 3.52 

22 28.222 28.109 28.461 27.860 3.547 3.538 3.533 3.510 28.16 3.53 

19 28.133 28.227 28.092 28.212 3.483 3.502 3.472 3.480 28.17 3.48 

4 28.280 28.065 28.286 28.038 3.527 3.524 3.517 3.535 28.17 3.53 

20 28.114 28.216 28.358 28.048 3.538 3.551 3.512 3.523 28.18 3.53 

6 28.116 28.252 27.867 28.524 3.550 3.542 3.537 3.544 28.19 3.54 

5 27.999 28.379 28.066 28.345 3.532 3.546 3.553 3.533 28.20 3.54 

31 28.266 28.153 28.334 28.065 3.515 3.523 3.478 3.483 28.20 3.50 

121 28.192 28.253 28.159 28.227 3.535 3.517 3.548 3.539 28.21 3.53 

124 28.188 28.234 28.291 28.121 3.523 3.555 3.550 3.564 28.21 3.55 

134 28.344 28.158 28.191 28.181 3.474 3.510 3.517 3.514 28.22 3.50 

94 28.298 28.125 28.268 28.185 3.605 3.574 3.451 3.519 28.22 3.54 

15 28.201 28.241 28.071 28.389 3.519 3.516 3.533 3.509 28.23 3.52 

26 28.125 28.299 28.318 28.164 3.554 3.550 3.528 3.547 28.23 3.54 

16 28.141 28.298 28.140 28.337 3.540 3.535 3.533 3.521 28.23 3.53 

52 27.754 28.735 28.395 28.047 3.512 3.513 3.493 3.500 28.23 3.50 

7 28.288 28.180 28.272 28.198 3.486 3.506 3.511 3.504 28.23 3.50 

1 28.079 28.373 28.069 28.437 3.533 3.544 3.539 3.517 28.24 3.53 

116 28.284 28.216 28.172 28.291 3.543 3.574 3.563 3.560 28.24 3.56 

41 28.157 28.314 28.316 28.180 3.495 3.491 3.493 3.479 28.24 3.49 

56 28.380 28.143 28.566 27.883 3.483 3.488 3.500 3.513 28.24 3.50 

23 28.145 28.341 28.233 28.266 3.536 3.537 3.528 3.509 28.25 3.53 

17 28.352 28.144 28.405 28.091 3.511 3.514 3.531 3.518 28.25 3.52 

122 28.209 28.286 28.235 28.266 3.541 3.550 3.549 3.554 28.25 3.55 

57 28.347 28.122 28.327 28.206 3.516 3.520 3.511 3.484 28.25 3.51 
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21 27.942 28.612 28.399 28.057 3.515 3.506 3.549 3.506 28.25 3.52 

101 28.132 28.361 28.217 28.301 3.481 3.480 3.504 3.507 28.25 3.49 

108 28.362 28.158 28.332 28.189 3.501 3.538 3.490 3.515 28.26 3.51 

143 28.403 28.125 28.225 28.290 3.504 3.515 3.518 3.510 28.26 3.51 

125 28.208 28.294 28.308 28.252 3.567 3.576 3.546 3.569 28.27 3.56 

65 28.504 28.042 28.479 28.057 3.483 3.525 3.493 3.504 28.27 3.50 

48 28.162 28.378 28.628 27.923 3.480 3.475 3.449 3.483 28.27 3.47 

79 28.587 28.001 27.919 28.591 3.499 3.520 3.510 3.484 28.27 3.50 

37 28.143 28.404 28.420 28.139 3.514 3.487 3.490 3.489 28.28 3.50 

126 28.262 28.298 28.360 28.190 3.544 3.557 3.554 3.583 28.28 3.56 

113 28.218 28.345 28.093 28.457 3.550 3.518 3.557 3.547 28.28 3.54 

111 28.239 28.291 28.217 28.369 3.507 3.524 3.517 3.523 28.28 3.52 

54 28.506 28.061 28.410 28.146 3.447 3.424 3.483 3.493 28.28 3.46 

25 28.013 28.542 28.084 28.490 3.491 3.496 3.458 3.486 28.28 3.48 

32 28.192 28.381 28.208 28.348 3.541 3.536 3.535 3.538 28.28 3.54 

61 28.286 28.289 28.302 28.252 3.501 3.505 3.506 3.506 28.28 3.50 

62 28.158 28.420 28.101 28.450 3.528 3.508 3.491 3.517 28.28 3.51 

118 27.868 28.733 28.603 27.928 3.543 3.547 3.560 3.532 28.28 3.55 

138 28.364 28.207 28.444 28.131 3.544 3.540 3.530 3.535 28.29 3.54 

148 28.260 28.306 28.276 28.305 3.498 3.487 3.497 3.504 28.29 3.50 

11 28.411 28.160 28.202 28.378 3.557 3.563 3.554 3.545 28.29 3.55 

130 28.069 28.490 28.522 28.071 3.545 3.511 3.509 3.501 28.29 3.52 

45 28.489 28.111 28.272 28.293 3.512 3.502 3.495 3.502 28.29 3.50 

149 28.450 28.138 28.467 28.123 3.523 3.523 3.513 3.509 28.29 3.52 

129 28.034 28.567 28.296 28.282 3.493 3.521 3.553 3.526 28.29 3.52 

139 28.266 28.322 28.257 28.335 3.547 3.529 3.550 3.544 28.30 3.54 

55 28.313 28.276 28.281 28.314 3.471 3.482 3.488 3.487 28.30 3.48 

2 28.268 28.329 28.422 28.169 3.541 3.548 3.543 3.533 28.30 3.54 

104 28.092 28.466 27.984 28.646 3.514 3.494 3.510 3.493 28.30 3.50 

33 28.303 28.300 28.368 28.230 3.541 3.556 3.535 3.523 28.30 3.54 

76 28.409 28.197 28.284 28.320 3.510 3.517 3.495 3.497 28.30 3.50 

131 28.359 28.020 28.249 28.584 3.547 3.541 3.519 3.497 28.30 3.53 
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142 28.317 28.307 28.233 28.359 3.500 3.501 3.495 3.508 28.30 3.50 

12 28.444 28.148 28.385 28.241 3.545 3.554 3.548 3.560 28.30 3.55 

64 28.339 28.276 28.338 28.277 3.491 3.481 3.499 3.486 28.31 3.49 

147 28.303 28.307 28.314 28.311 3.512 3.509 3.514 3.509 28.31 3.51 

49 28.391 28.218 28.407 28.232 3.446 3.450 3.458 3.467 28.31 3.46 

109 28.310 28.316 28.247 28.377 3.550 3.548 3.539 3.536 28.31 3.54 

128 28.076 28.507 28.491 28.176 3.523 3.548 3.530 3.533 28.31 3.53 

102 28.319 28.309 28.424 28.206 3.506 3.526 3.520 3.525 28.31 3.52 

28 28.092 28.531 28.489 28.147 3.539 3.547 3.536 3.545 28.31 3.54 

105 28.318 28.294 28.416 28.232 3.517 3.531 3.515 3.530 28.32 3.52 

123 28.302 28.283 28.288 28.389 3.559 3.586 3.540 3.567 28.32 3.56 

58 28.346 28.275 28.480 28.163 3.514 3.493 3.512 3.501 28.32 3.51 

136 28.400 28.267 28.176 28.434 3.551 3.532 3.551 3.558 28.32 3.55 

67 28.402 28.242 28.452 28.187 3.517 3.539 3.511 3.504 28.32 3.52 

107 28.367 28.289 28.426 28.207 3.530 3.524 3.517 3.505 28.32 3.52 

47 28.110 28.509 28.333 28.343 3.465 3.476 3.482 3.471 28.32 3.47 

110 28.458 28.181 28.480 28.184 3.544 3.543 3.523 3.537 28.33 3.54 

106 28.313 28.348 28.362 28.282 3.495 3.485 3.483 3.520 28.33 3.50 

119 28.209 28.437 28.373 28.293 3.513 3.535 3.558 3.555 28.33 3.54 

112 28.513 28.143 28.504 28.160 3.527 3.509 3.523 3.479 28.33 3.51 

59 28.398 28.271 28.389 28.263 3.493 3.509 3.473 3.476 28.33 3.49 

114 28.257 28.445 28.504 28.115 3.533 3.552 3.563 3.576 28.33 3.56 

68 28.368 28.283 28.507 28.172 3.479 3.502 3.481 3.496 28.33 3.49 

46 28.412 28.239 28.525 28.159 3.520 3.512 3.492 3.498 28.33 3.51 

66 28.444 28.209 28.387 28.303 3.488 3.505 3.495 3.475 28.34 3.49 

133 28.366 28.359 28.169 28.452 3.537 3.543 3.483 3.536 28.34 3.52 

127 28.527 28.174 28.334 28.315 3.507 3.553 3.515 3.556 28.34 3.53 

71 28.149 28.568 28.551 28.084 3.505 3.514 3.487 3.486 28.34 3.50 

40 28.399 28.283 28.139 28.532 3.511 3.497 3.494 3.498 28.34 3.50 

115 28.269 28.402 28.383 28.299 3.570 3.586 3.555 3.560 28.34 3.57 

72 27.986 28.704 28.707 27.959 3.508 3.515 3.509 3.494 28.34 3.51 

34 28.379 28.296 28.278 28.410 3.559 3.563 3.544 3.547 28.34 3.55 
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146 28.521 28.156 28.524 28.170 3.528 3.525 3.525 3.523 28.34 3.53 

36 28.310 28.336 28.660 28.068 3.484 3.478 3.477 3.497 28.34 3.48 

117 28.281 28.399 28.390 28.307 3.544 3.548 3.546 3.544 28.34 3.55 

42 28.271 28.433 28.486 28.191 3.512 3.504 3.497 3.509 28.35 3.51 

137 28.524 28.187 28.138 28.535 3.516 3.506 3.531 3.519 28.35 3.52 

150 28.181 28.514 28.191 28.509 3.501 3.508 3.502 3.501 28.35 3.50 

132 28.570 28.130 28.253 28.446 3.526 3.524 3.497 3.514 28.35 3.52 

43 28.308 28.399 28.395 28.308 3.468 3.460 3.479 3.478 28.35 3.47 

135 28.457 28.240 28.292 28.421 3.539 3.522 3.541 3.534 28.35 3.53 

103 28.400 28.294 28.501 28.219 3.531 3.507 3.518 3.502 28.35 3.51 

145 28.130 28.575 28.113 28.597 3.514 3.511 3.504 3.498 28.35 3.51 

120 28.329 28.376 28.073 28.646 3.555 3.540 3.539 3.517 28.36 3.54 

39 28.352 28.348 28.391 28.343 3.497 3.489 3.463 3.493 28.36 3.49 

144 28.529 28.188 28.503 28.219 3.496 3.496 3.504 3.510 28.36 3.50 

44 28.217 28.480 28.235 28.513 3.516 3.510 3.520 3.504 28.36 3.51 

53 28.420 28.366 28.466 28.287 3.483 3.463 3.477 3.480 28.38 3.48 

140 28.232 28.541 28.389 28.392 3.515 3.494 3.501 3.497 28.39 3.50 

141 28.600 28.173 28.523 28.261 3.511 3.493 3.493 3.509 28.39 3.50 

60 28.395 28.383 28.244 28.541 3.535 3.533 3.534 3.538 28.39 3.54 

38 28.189 28.568 28.543 28.289 3.518 3.492 3.502 3.501 28.40 3.50 

69 28.643 28.171 28.523 28.280 3.452 3.489 3.480 3.481 28.40 3.48 

51 28.408 28.436 28.457 28.365 3.443 3.485 3.474 3.493 28.42 3.47 

       �̅� [mm]   28.30 3.52 

      s [mm] 0.06 0.02 

      S -0.43 -0.08 

      SES 0.23 0.23 

      K -0.08 -0.57 

      SEK 0.46 0.46 
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APPENDIX C: ASSEMBLY INSTRUCTIONS 

 

The following pages include assembly instructions for a simplified version of the air shock, used 

in this project’s experiments. A number of components, regarded as irrelevant to the air sealing 

tests, are not included in the instructions. However, some alterations to this assembly process 

were made in several tests, documented in Appendix E. 

 

 

 

 
 

Figure 35. Overview of the assembled air shock. 
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A. Cylinder Tube 

1. Bushing 18914-01 pressed inside the 

seal head 18913-01. 

 

2. O-ring 0338-72 lubricated and 

positioned in seal head. 

 

3. Backup rings 18919-01 and 18920-01 

positioned in groove. 

4. X-ring 01027-28 lubricated and 

positioned between the backup rings. 

5. Seal head screwed onto 18948-XX 

shaft. Torque to 25 Nm. 
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B. End eye 

1. O-ring 00338-82 lubricated and positioned 

on the rebound tube 18950-XX. 

 

2. Rebound tube placed inside shaft 18948-

XX.  

 

3. O-ring 18906-01 placed inside the end eye 

head. 

Make sure it sits correctly in the slot.  

4. Shaft 18948-XX threaded inside the end eye 

head. Torque to 12 Nm. 

5. Schrader valve 18970-01 greased and 

positioned. 

 

6. Air valve schrader 18607-11 greased and 

placed in the schrader valve. 

Important not to overtighten the valve.  

 

  



74 

C. Air sleeve 

1. Backup rings 18929-01 and 18927-01 

placed in groove. 

 

2. X-ring 18928-08 lubricated and positioned 

between the backup rings. 

3. Scraper 18966-01 lubricated and positioned 

in slot. 

4. O-ring 00338-92 lubricated and placed 

below the threads. 
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D. Final assembly 

1. Grease on the seals inside the air sleeve as 

well as a few drops of lubricant. 

 

2. The same process on the seals in the seal 

head. 

 

3. Cylinder tube positioned inside the air 

sleeve. 

 

4. Put 2 mL of lubricant fluid inside the air 

sleeve. 

 

5. End eye head screwed on to the air sleeve. 

 

6. Rubber 18908-01 placed in the cylinder 

tube. 

 

7. Stop screw 18924-01 placed over the 

rubber and pressed inside. 

8. Add enough air to extend the shock and 

clean it. 

 

9. Bushing 18405-0, plastic spacer 18404-04 

and O-ring 00576-20 put in each end eye.  
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APPENDIX D: EXPERIMENT CHECKLIST 

 

The following checklist is used to get consistency between every test and make sure every 

measurement is accounted for. 

 

 

 Air pressure pumped to the required amount. 

 Shock pumped several times to get air into negative air chamber. 

 Shock weighed. 

 Shock clamped in dynamometer’s upper fixture.  

 Shock clamped in dynamometer’s lower fixture, in line with the upper one. 

 Check for all bolts to be tight. 

 Attach temperature gauge with aluminium tape to shock’s air sleeve, close to the air seal. 

 Attach insulating foam over the temperature gauge. 

 Press shock 1 mm from static position using the dynamometer.  

 Run the friction test. 

 Check shock’s position - should be 1 mm from static position. 

 Choose appropriate drive file for the accelerated seal test. 

 Choose the test run time. 

 Start accelerated seal wear test. 

 Adjust air cooling for desired shock temperature. 

 When the test is finished, remove the shock from the dynamometer. 

 Clean the shock and weigh it. 
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APPENDIX E: EXPERIMENT RESULTS 

 

The following pages contain information on each accelerated seal wear test performed on the air 

shocks. 

Test 1 

Shock ID: #6 Damping: No 

Stroke length: 33.75 mm Lubrication fluid: A 

Main seal: Yes Shock orientation: Air sleeve above 

Main backup ring: Normal Pressure: 200 psi 

Transfer port: No Temperature: 40 °C 

Surface treatment: Superfinishing Duration: 18.5 h 

Failure: No  Comment:  

 

 

 

 

 

 
Figure 36. Maximum and minimum cycle forces with temperature from test 1. 
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Test 2 

Shock ID: #1 Damping: No 

Stroke length: 33.75 mm Lubrication fluid: B 

Main seal: Yes Shock orientation: Air sleeve below 

Main backup ring: Normal Pressure: 200 psi 

Transfer port: No Temperature: 40 °C 

Surface treatment: Superfinishing Duration: 22 h 

Failure: No  Comment:  

 

 

 

 

 

 
Figure 37. Maximum and minimum cycle forces with temperature from test 2. 

 

  



81 

Test 3 

Shock ID: #3 Damping: No 

Stroke length: 33.75 mm Lubrication fluid: B 

Main seal: Yes Shock orientation: Air sleeve below 

Main backup ring: Normal Pressure: 200 psi 

Transfer port: No Temperature: 50 °C 

Surface treatment: Superfinishing Duration: 16.5 h 

Failure: No  Comment:  

 

 

 

 

 

 
Figure 38. Maximum and minimum cycle forces with temperature from test 3. 
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Test 4 

Shock ID: #11 Damping: No 

Stroke length: 33.75 mm Lubrication fluid: B 

Main seal: No Shock orientation: Air sleeve below 

Main backup ring: Normal Pressure: 300 psi 

Transfer port: No Temperature: 50 °C 

Surface treatment: Standard Duration: 24 h 

Failure: No  Comment: Spacer added to the bottom of the 

air sleeve to prevent the shock from bottoming 

out.  
 

 

 

 

 

 
Figure 39. Maximum and minimum cycle forces with temperature from test 4. 
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Test 5 

Shock ID: #14 Damping: No 

Stroke length: 33.75 mm Lubrication fluid: A 

Main seal: No Shock orientation: Air sleeve below 

Main backup ring: With grooves Pressure: 300 psi 

Transfer port: No Temperature: 50 °C 

Surface treatment: Standard Duration: 42 h 

Failure: No  Comment: Spacer added to the bottom of the 

air sleeve to prevent the shock from bottoming 

out.  
 

 

 

 

 

 
Figure 40. Maximum and minimum cycle forces with temperature from test 5. 
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Test 6 

Shock ID: #16 Damping: Yes 

Stroke length: 33.75 mm Damping fluid: A 

Main seal: No Shock orientation: Air sleeve below 

Main backup ring: With grooves Pressure: 275 psi 

Transfer port: No Temperature: 50 °C 

Surface treatment: Standard Duration: 20 h 

Failure: No  Comment:  

 

 

 

 

 

 
Figure 41. Maximum and minimum cycle forces with temperature from test 6. 
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Test 7 

Shock ID: #7 Damping: Yes 

Stroke length: 33.75 mm Lubrication fluid: A 

Main seal: No Shock orientation: Air sleeve below 

Main backup ring: Part cut off Pressure: 300 psi 

Transfer port: No Temperature: 50 °C 

Surface treatment: Superfinishing Duration: 30 min 

Failure: No  Comment: Only ran for 30 min before it lost 

gas pressure and damping fluid.  
 

 

 

 

 

 
Figure 42. Maximum and minimum cycle forces with temperature from test 7. 
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Test 8 

Shock ID: #13 Damping: No 

Stroke length: 33.75 mm Lubrication fluid: A 

Main seal: No Shock orientation: Air sleeve below 

Main backup ring: Part cut off Pressure: 300 psi 

Transfer port: No Temperature: 50 °C 

Surface treatment: Standard Duration: 72 h 

Failure: No Comment: Spacer added to the bottom of the 

air sleeve to prevent the shock from bottoming 

out  

 

 

 

 

 

 

 
Figure 43. Maximum and minimum cycle forces with temperature from test 8. 
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Test 9 

Shock ID: #8 Damping: No 

Stroke length: 33.75 mm Lubrication fluid: A 

Main seal: Yes Shock orientation: Air sleeve below 

Main backup ring: Normal Pressure: 200 psi 

Transfer port: Yes Temperature: 50 °C 

Surface treatment: Superfinishing Duration: 20 h 

Failure: No  Comment:  

 

 

 

 

 

 
Figure 44. Maximum and minimum cycle forces with temperature from test 9. 
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Test 10 

Shock ID: TTX Damping: Yes 

Stroke length: 33.75 mm Lubrication fluid: A 

Main seal: Yes Shock orientation: Air sleeve below 

Main backup ring: Normal Pressure: 200 psi 

Transfer port: Yes Temperature: 50 °C 

Surface treatment: Standard Duration: 45 h 

Failure: No  Comment:  

 

 

 

 

 

 
Figure 45. Maximum and minimum cycle forces with temperature from test 10. 
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Test 11 

Shock ID: #8d Damping: Yes 

Stroke length: 33.75 mm Lubrication fluid: A 

Main seal: Yes Shock orientation: Air sleeve below 

Main backup ring: Normal Pressure: 220 psi 

Transfer port: Yes Temperature: 50 °C 

Surface treatment: Standard Duration: 20 h 

Failure: No  Comment:  

 

 

 

 

 

 
Figure 46. Maximum and minimum cycle forces with temperature from test 11. 
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Test 12 

Shock ID: #8eii Damping: Yes 

Stroke length: 40 mm Lubrication fluid: A 

Main seal: Yes Shock orientation: Air sleeve below 

Main backup ring: Normal Pressure: 250 psi 

Transfer port: Yes Temperature: 50 °C 

Surface treatment: Standard Duration: 72 h 

Failure: Yes  Comment:  

 

 

 

 

 

 
Figure 47. Maximum and minimum cycle forces with temperature from test 12. 
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Test 13 

Shock ID: #b8 Damping: Yes 

Stroke length: 42 mm Lubrication fluid: A 

Main seal: Yes Shock orientation: Air sleeve below 

Main backup ring: Normal Pressure: 250 psi 

Transfer port: Yes Temperature: 50 °C 

Surface treatment: Standard Duration: 11 h 

Failure: Yes  Comment: Damping and separating pistons 

broke.  
 

 

 

 

 

 
Figure 48. Maximum and minimum cycle forces with temperature from test 13. 
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Test 14 

Shock ID: #b4 Damping: Yes 

Stroke length: 40 mm Lubrication fluid: A 

Main seal: Yes Shock orientation: Air sleeve below 

Main backup ring: Normal Pressure: 250 psi 

Transfer port: Yes Temperature: 50 °C 

Surface treatment: Standard Duration: 7 h 

Failure: Yes  Comment: Damping piston broke.  

 

 

 

 

 

 
Figure 49. Maximum and minimum cycle forces with temperature from test 14. 
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Test 15 

Shock ID: #c4 Damping: Yes 

Stroke length: 40 mm Lubrication fluid: A 

Main seal: Yes Shock orientation: Air sleeve below 

Main backup ring: Normal Pressure: 250 psi 

Transfer port: Yes Temperature: 50 °C 

Surface treatment: Standard Duration: 20 h 

Failure: Yes  Comment: Damping forces decreased. Main 

seal failure.  
 

 

 

 

 

 
Figure 50. Maximum and minimum cycle forces with temperature from test 15. 
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Test 16 

Shock ID: #d4 Damping: No 

Stroke length: 42 mm Lubrication fluid: A 

Main seal: Yes Shock orientation: Air sleeve below 

Main backup ring: Normal Pressure: 250 psi 

Transfer port: Yes Temperature: 50 °C 

Surface treatment: Standard Duration: 3.5 h 

Failure: Yes  Comment: Main seal failure. The temperature 

was hard to control.  
 

 

 

 

 

 
Figure 51. Maximum and minimum cycle forces with temperature from test 16. 
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Test 17 

Shock ID: #e4 Damping: No 

Stroke length: 42 mm Lubrication fluid: A 

Main seal: Yes Shock orientation: Air sleeve below 

Main backup ring: Normal Pressure: 250 psi 

Transfer port: Yes Temperature: 50 °C 

Surface treatment: Standard Duration: 3.5 h 

Failure: Yes  Comment: Main seal failure. The temperature 

was hard to control.  
 

 

 

 

 

 
Figure 52. Maximum and minimum cycle forces with temperature from test 17. 
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Test 18 

Shock ID: #f4 Damping: No 

Stroke length: 40 mm Lubrication fluid: A 

Main seal: Yes Shock orientation: Air sleeve below 

Main backup ring: Normal Pressure: 250 psi 

Transfer port: Yes Temperature: 50 °C 

Surface treatment: Standard Duration: 3 h 

Failure: Yes  Comment: Main seal failure.  

 

 

 

 

 

 
Figure 53. Maximum and minimum cycle forces with temperature from test 18. 
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Test 19 

Shock ID: #M19 Damping: No 

Stroke length: 40 mm Lubrication fluid: A 

Main seal: No Shock orientation: Air sleeve below 

Main backup ring: Part cut off Pressure: 350 psi 

Transfer port: No Temperature: 50 °C 

Surface treatment: Standard Duration: 20 h 

Failure: No  Comment:   
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