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By nature, mountain biking is a sport which is tough.  Both on the rider and on the equipment used. It exposes the bike and its components to sudden, large impacts from drop offs, jumps, and rock-hits, among other features. Therefore, it is of high importance that the design, material, and manufacturing of the components of mountain bikes are suitable for this purpose. Thus, failure of any components could have severe consequences.  This report will study the suspension forks of a mountain bike, calculating the required stanchion diameter for a given scenario.  
Fork design has seen significant changes over the years, from materials used, to how they are manufactured.  These changes will be discussed, along with the various types of fork used for each discipline of mountain biking, and the specific requirements each. 
Finally, to ensure that a fork can withstand the tough conditions, it must be thoroughly tested to ensure failure does not occur.  Such testing techniques may include finite element analysis, and fatigue stress testing using hydraulic rigs to simulate real-world conditions. 
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a) 

To calculate the minimum outside diameter for the fork stanchion the 2nd moment of area (I) must be calculated. This can be done by using the equation  transposing for I gives                     
Where W is the load, L is the length, E is the young’s modulus (in this case, of steel) and  is the maximum deflection


Now that the value of I has been calculated, the equation   can be transposed to give d, the diameter.

So, =0.0358m
Therefore, the minimum diameter stanchion required for a maximum deflection of 10mm with the parameters used, is 35.8mm 

b) 

Assumptions: To determine the required stanchions diameter in part a) various assumptions had to be made.  Firstly, the force acting on the fork had to be established.  This was done using  where m is mass and g is gravity.  For the mass, the weight of both the bike and rider were used. Mountain biking is the authors’ hobby, thus it was decided to use the weight of their own mountain bike, and their own weight with the equipment that they would usually wear whilst riding. This came to a combined weight of 90kg, which would be considered average.  This, multiplied by gravity, gave a figure of 932N.  Next, the length of the fork had to be found. Again, the data was found from the fork of the authors own mountain bike (a Fox 36 fork). The crown-to-axle length for this model, according to fox’s website, is 567mm (Fox, 2021).

Limitations: The calculations used do not consider many variables which would normally be experienced whilst a bike is being ridden, such as the speed, terrain, and what angle the fork is at during impact or the direction of forces applied. Taking these variables into account would increase the accuracy of the calculations in part a). This method does not consider the gauge of the tubing and only works if a single bending moment is used for the complete length of the “beam”.  Macaulay’s method considers all loading conditions, such as shearing forces and concentrated loads. Due to the many unknown variables, this method could not be used.
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[bookmark: _Toc98113346]History

[image: ]Within mountain biking there are multiple disciplines, each with their own requirements. The first mountain bikes were little more than modified road bikes with chunky tyres and no suspension at all, using only rigid forks which were usually made from steel. The most notable first ‘mountain bike’ is that of John Finley Scott, who in 1953, modified a Schwinn World diamond frame with larger tyres, handles bars, and derailleur gears (Otis, 2020). [bookmark: _Toc98174810]Figure 1 One of the first "mountain bikes" (Otis, 2020)



However, it wasn’t until the 1990s that the first suspension fork was invented.  The founder of Manitou, Doug Bradbury came up with a design for one of the first mountain bike suspension forks. It had 2” of travel, using polymer cylinders called elastomers.  These acted like a spring and could be tuned to various degrees of stiffness. Another design was produced by Marzocchi around the same time.  The Marzocchi STAR fork also had 2” of travel but differed from Manitou’s design by using an air spring (Wragg, 2013).  Both forks were primarily constructed of steel.
In 1992 Rockshox, now one of the largest suspension suppliers, released the Mag 20 and Mag 30. These forks used magnesium lower legs with an aluminium brake arch and bonded steerer tube.
The year of 1994 saw the introduction of aluminium stanchions, alloy steerers and some titanium hardware from Rockshox with the release of the Mag 21SL (J-TECH, 2019).  Since then, mountain bike forks have improved significantly, with many brands developing new and improved designs.  Where 80-100mm travel was previously thought to be more than sufficient for downhill racing, those numbers are now used for the lightest, least demanding cross-country forks, whilst modern downhill forks use 200mm travel.  

[bookmark: _Toc98113347]Disciplines and types of fork

There are various disciplines of mountain biking.  As such, different types of bikes, and therefore forks, are required for each.  Suspension is one of the most important components of a mountain bike, and the geometry of modern mountain bikes is designed almost entirely around how much travel a bike has (Branquinho, 2021).  The main categories of mountain bike are cross country (xc), trail, all-mountain, enduro and finally the most demanding, downhill. As you move through these categories, the requirements of the fork change.  The weight, stanchion diameter, and travel all increase to meet the requirements of each discipline. Listed below are the fork specifications used for each.
Cross-country: 100-120mm travel and 30-32mm stanchions.  
Trail: 120-150mm travel and 34mm stanchions.
Enduro: 150-180mm travel and 36-38mm stanchions.
Downhill: 180-200mm travel and 35-40mm stanchions.
Major suspension brand Fox, categorises it’s fork by stanchion diameter, starting with 32mm stanchions for their ultralight xc fork, moving to 34mm stanchions for trail, 36 mm stanchions for enduro and finally 40mm for its dual crown downhill fork, aptly named the fox 40.  These changes in stanchion diameter are down to the type of terrain usually experienced within each discipline. Since the diameter of the stanchion relates to how stiff the fork is, a cross country fork can use smaller diameter stanchions (Branquinho, 2021).  Cross country is far less demanding and requires the lightest possible equipment, whilst downhill forks are subjected to large impacts from jumps, drops and extremely rough terrain.  Thus, 40mm stanchions provide a stiffer fork that can provide the performance and durability required.    

[image: ]Whilst most suspension forks use the same design of lower legs, with a frontal crown arch, and stanchions attached to a crown with a steerer tube, this isn’t the case for all forks.  Manitou designs their forks with the crown arch at the back of the fork. With this design, Manitou claims that the arch can be shorter, allowing equivalent stiffness with less weight.  Alternatively, if the same amount of material is used, extra stiffness can be produced (ManitouMtb, 2017). [bookmark: _Toc98174811]Figure 2 Manitou's reverse fork arch design (Gerow, 2020)

Manitou also designed the Dorado fork, which uses an inverted design similar to that seen on motocross bikes. An inverted fork design, in theory, should provide a reduction in unsprung mass and help increase sensitivity and reactivity of the fork, whilst keeping the seals permanently lubricated.  However, this comes at a price.  Designing an inverted fork that is stiff enough for the harshness of mountain biking, particularly downhill racing, proves to be very challenging (Weaver, 2021). Motocross bikes are able to use this design as weight is less of a concern and larger diameter tubes can be used to allow a stiffer chassis.
[image: ]
[bookmark: _Toc98174812]Figure 3 A Manitou Dorado fork fitted to a downhill bike (Smurthwaite, 2021)

[bookmark: _Hlk98165148][image: ]Cannondale are well known for their ‘lefty’ fork which is unlike any other design used in mountain biking, as it only uses only one stanchion.  This design stems from Cannondale’s HeadShok which they used in the 90s.  The first forks were known to lack stiffness, and as a result, Cannondale came up with the HeadShok.  This design moved away from the traditional [image: ]fork design, placing the suspension spring and damper inside the head tube, providing 50mm of travel (Lin, 2021).  Cannondale soon realised that riders were demanding more travel, and came up with their Moto dual crown fork, which was essentially a dual crown fork comprised of two HeadShoks either side.  [bookmark: _Toc98174813]Figure 4 The original HeadShok design (Lin, 2021)
[bookmark: _Toc98174814]Figure 5 The Moto fork, using two HeadShoks (Lin, 2021)




[image: ]After experimenting with various designs to create a lighter version, it was realised that the simplest solution was to essentially cut the fork in half, and hence the lefty was born, and officially released in 1999.  Since then, the lefty has gone through many iterations, but is primarily a cross country focussed fork with 100-120mm of travel (Lin, 2021). [bookmark: _Toc98174815]Figure 6 Cannondale's unique Lefty fork (Lin, 2021)



Future development: Suspension in mountain biking has seen impressive advances over the years.  Many designs have been produced with varying results. However, the author feels that the traditional design will remain the most popular.  It is possible that the suspension of the future will be ‘smarter’, using built in electronics to adjust the suspension according to the terrain ridden, the speed and other variables, to create a better experience. 
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Mountain bike forks are made up of several components, each subjected to different forces and operating parameters, and as such, need to be manufactured using different methods and materials.
Modern day fork stanchions are commonly made of aluminium as it has a good strength-to-weight ratio. The stanchions are usually anodized to reduce friction and increase durability. Older stanchions were usually made from steel and were much heavier but did not require anodizing. Some cheaper forks still use steel stanchions to save weight.

The fork lower legs are commonly manufactured using cast magnesium alloys, this is due to its attractive properties when compared to an aluminium equivalent. Magnesium alloy is roughly 2/3 as dense (having a density of 1.7g/cm3) as aluminium alloys ( which have a density of roughly 2.8 g/cm3). Magnesium alloy is less stiff than aluminium and although stiffness is an important factor of suspension forks, it does not counteract the weight saved  (Aluminium Alloy vs Magnesium Alloy, 2022).
Fork steerer tubes were generally a diameter of 1 1/8”, with 1.5” introduced later.  Currently,most modern mountain bike forks use a tapered steerer tube.  The thicker diameter at the bottom provides extra stiffness, whilst the narrower diameter at the top helps to save weight. Fork steerer tubes are generally manufactured from aluminium (Bodman, 2014). Some brands use an elliptical steerer tube to further increase the stiffness-to-weight ratio. 
The fork crown is commonly manufactured from forged aluminium whilst the stanchions are cold-drawn aluminium (Baltes, Sutela and Redfield, 2008).
The Rockshox Lyrik Ultimate (pictured in figure 7) uses both aluminium stanchions and magnesium alloy lower legs (stows, 2022).
[image: ][bookmark: _Toc98174816]Figure 7 A rockshox Lyrik Ultimate fork (Stows, 2022)

Forged aluminium can provide similar mechanical properties to many steels, but at a lower weight.  Tooling used for forging is also cheaper than alternatives such as die cast tooling (aZoM, 2002).  Forging has a faster production time compared to other methods, allowing more products to be produced in a shorter period of time (Pan, 2020). 
Cold drawing is a process where a piece of metal is forced through a die or multiple dies, resulting in a reduced cross-sectional size compared to the original part.  It is used for stanchions as it produces dimensionally consistent results, whilst also increasing tensile and yield strength, by up to 30% and 80% respectively in some cases (Back, 2022).  A stanchion must have a clean, consistent, seamless surface. Cold drawing fills all these requirements. 
[bookmark: _Toc98113349] 


Task 4

Computer Aided Design (CAD) can be used to help visualise and recognise what is technically feasible and predict important performance factors such as weight, stiffness, and strength (Baltes, Sutela and Redfield, 2008).  Computer Aided Design allows the analysis of each component of the fork and the ability to add components, piece by piece, until a full model is achieved. 

[image: ]Finite Element Analysis (FEA) can be used to simulate forces that the fork would experience in real world scenarios and thus helps gain a better understanding of how the design will structurally cope with real world stresses. It also helps to identify key areas that are under high stress and likely to fail (Baltes, Sutela and Redfield, 2008). Additionally, FEA can also be used to compare structural features of other models of fork with the design. [bookmark: _Toc98174817]Figure 8 FEA being used to simulated braking (Baltes, Sutela and Redfield, 2008).

In figure 8, the stress of a braking load is being simulated on a forks brake mount.  The red areas indicate high levels of stress.  These areas may require more material to withstand such high forces.
[image: ]Figure 9 A fork being subject to frontal loading (Thomsett, 2020)

Hydraulic testing rigs can be used to test the fork under dynamic loading.  Using telemetry data acquisition equipment, data from real world scenarios can be simulated by the test rig.  For example, data recorded during a downhill racers race run, which is usually under 4 minutes, can then be simulated for many times longer. This type of testing also allows the exact same test, following a specific protocol, to be simulated many times.  Some manufacturers such, as Fox, simulate such conditions for up to 72 hours. (Fox, 2020) 
In figure 9, a frontal impact is being simulated.  This fork deflects up to 20cm and will still return to its original state with no damage (Thomsett, 2020).



[bookmark: _Toc98113350]Conclusion

Mountain biking and suspension forks have seen substantial progression since the first designs in the 1990s.  Everything from the material they are made from, their size, production methods, testing, and their performance has seen significant improvements since the first models were released. Future suspension will no doubt have more to offer, with new materials, testing methods and improved designs being developed constantly.  Modern suspension forks are specialised for each discipline of mountain biking, each with their own features.  This allows bikes to be ridden over rougher terrain, for longer periods of time, whilst delivering a continuous level of performance and remaining reliable. 
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