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1. Introduction

Bicycle frames have for the last century been traditionally manufactured from formed steel tubes joined by lugs in diamond geometry. This method utilised brazing to join the tubes to the lugs and the early mountain bikes adopted this design and production method. However as the use of mountain bikes increased and sales volumes rose mountain bikes became profitable business and thus saw an exponential growth and development. This led to company sponsored teams and as with any sport competitions provided good testing grounds for new designs and construction methods which soon found their way into production bikes in the shops. This has led to the buyer facing a tough decision with a vast choice of designs and materials let alone to consider the construction method.

2. Frame Design.

Mountain bike frames generally fall into one of two basic designs, ridged frames with little or no movement in the frame and suspension frames that offer controlled movement of the rear wheel via a pivoted swinging arm arrangement.

2.1 Ridged Frame (fig 1).
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The ridged frame is based on the original ‘diamond’ frame road bike design that has been adapted for off road use. The changes include

i. Shorter seat tube to give a lower stand over height.

ii. Steeper rake angle on the head tube to increase steering responsiveness.

iii. Larger diameter head tube giving increased bearing size for extra strength.

iv.
Over sized tubes and gussets to give increased strength.

2.2 Suspension Frames.

Suspension frames have become more common in recent years and come in three main designs.

2.2.1 Unified Rear Triangle (URT Fig 2)
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This design is used on the budget priced bikes and although it provides a level of suspension it lacks real technical ability.

Pros
Cheap to manufacture


Simple one pivot design


Crank centre moves with suspension to keep chain length constant.

Cons
Poor performance (see below)


Large amounts of pedal induced ‘bob’

It is possible to overcome the performance problems with a high quality shock or a locking system as in the GT ‘I’ Drive that uses a complex bottom bracket that reacts against the pedal stroke to eliminate ‘bob’. Although these options work they have a cost implication and as with any mechanical system the more complex it is the greater the maintenance required and the more prone it is to failure.

2.2.2. Four bar linkage (Fig 3).
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The linkage systems give a smooth progressive and controllable suspension system, which is undoubtedly the best design option but it is costly and can again be a maintenance nightmare for the home mechanic.

Pros
smooth


Controllable 


Laterally stiff


Progressive


Adjustable travel (requires change of linkages with different ratio of lengths).


Pivot centre close to crank centre to keep chain movement to a minimum.

Cons
expensive.


Complex


Minimum of four pivot points to keep clean and maintained.

2.2.3. Single pivot (Fig 4).
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The single pivot design keeps the number of moving parts to a minimum and the use of a high pivot point utilises the chain tension to counteract the ‘bob’. This design incorporates the best features of the two previous systems to give a compromise in performance V’s complexity and cost.

Pros
Single pivot (low maintenance).


Low complexity reduces risk of mechanical failure.

Cons
Distance from crank/pivot centre causes chain length to alter.


Prone to side loading of shock unit.

3. Materials

Bike frames have traditionally been produced from steel tubing which was also predominant used in early mountain bikes. However as mountain bikes grew in popularity aluminium tubing became common, aided by improved welding techniques that has made high volume production possible. 

3.1 Steel (Reynolds grade 531 & 853).

Steel has been used for many years in frame construction and there have been many derivatives of the basic material, which can be adapted to give varying properties with the addition of different elements during production. Steel tubes are available in many sizes and wall thickness, giving many options to the designers and manufactures. Reynolds tubing has been developed with many variations and includes tapered tubes that give a thicker section at high stress points and less material at low stress points thus saving weight.

Pros
Cheap.


Easy availability.


Long life span


Good physical properties (Adaptable).


Well proven joining methods (Brazing/Gas/CO2).

Cons
Heavy compared to aluminium alloys.


Oxidation on inside of tubes (can be cured by Electro-coating).

3.2 Aluminium (Al) grade 7000 & 6000.

Aluminium alloy has taken over from steel as the number one frame material accounting presently for 70%+ of mountain bike frames produced. There are two main types of aluminium used for mountain bikes 7000 series and 6000 series. 7000 series alloy is slightly cheaper and is prevalent in the budget priced alloy framed bikes. 6000 series alloy is the top grade aluminium used in frame manufacture and is sometimes listed with its specific grade such as 6061grade used in the high spec Giant bikes. 

Pros
Light weight.


High strength to weight ratio.


Good availability.

Reasonable cost.


High resistance to corrosion.

Cons 
Frame life of early aluminium bikes was limited to around 5 years (1/4 life of comparable 853 steel frame).


Requires TIG welding (high cost investment for small companies).


Soft material requires heat treatment (prone to stripping threads).

3.3 Titanium (Ti) grade 6AL4.

Titanium is a high specification material, which has evolved from the space and aviation industries. Titanium is seen by many XC riders as the ultimate frame material having an extremely high strength to weight ratio. Titanium however is highly expensive and a frame alone may cost over £1000 for a standard ridge frame. This high cost leads most riders to believe that it is better to buy a good quality aluminium frame and then spend the difference in high spec lightweight components.

Pros
Light weight.


High strength.


Long life (Some manufactures give Lifetime guarantee on Ti frames).

Cons
Very expensive.


Limited choice of manufacturers.

3.4 Carbon Fibre.

Carbon fibre frames are a new development using carbon fibre mating which is formed into tubes or monocoque chassis. Carbon fibre makes very lightweight frames and can give some degree of flexibility and has been used to produce a pivot less rear suspension frame. 

Pros
Light weight.


High strength.


Flexible where required.

Cons
Expensive.


Limited choice of manufacturers.


Prone to chipping damage from rocks.


Limited lifespan.

3.5 Magnesium (Si) .

Magnesium is a lightweight alloy, which is particularly good for castings, and there have been some road bikes made from a single magnesium casting. This process has not proved too successful and has thus not made any significant impact into mountain bike frame manufacture, it has however started to make an impact in some of the component parts used in suspension frames.

3.6.
Material comparisons.

Table 1: Typical Material Properties Relative to Reynolds 853

	PRIVATE
Property
	Reynolds Steel
853
	Reynolds Steel
531
	Aluminium
7005 series
	Titanium
3/2.5 grade

	UTS
	100%
	58%
	26%
	53%

	Density
	100%
	100%
	36%
	57%

	Modulus
	100%
	100%
	36%
	53%

	0.2% Proof
	100%
	63%
	30%
	60%

	Fatigue Limit
	100%
	61%
	23%
	63%

	Elongation
	100%
	150%
	120%
	150%


Definitions 

Strength (UTS): This indicates force per unit area required, in thousands of lbs. per square inch ("Ksi") tested by pulling apart the material until it fractures to find the Ultimate Tensile Strength. The higher the number, the more force that has to be applied to make it break. 

Density: The weight of material in pounds per cubic inch of volume. The lower the number the lighter the weight of tube for a given volume. 

Modulus: A measure of the stiffness of the material in Ksi, the higher the number the stiffer the material for a given volume. 

0.2% Proof: As yield points of materials can occasionally be difficult to measure, this property is often used to give an indication of the stress at which the material will produce a permanent deformation in a tube set without causing actual fracture of the material. The higher the number, the higher the force the part can withstand before permanently deforming. The numbers are measured in Ksi. 

Fatigue Limit: Defined as the stress at which failure will not occur after at least 10 Million cycles fatigue loading, and gives an idea of frame life. The higher the value the more stress is required to breach this threshold. Measured in Ksi. 

Elongation: the amount the material stretches, before breaking, expressed as a percentage of the original length. Values lower than 5-7% would be considered brittle for bike frames. 

4. Construction Methods.

Mountain bike frames utilise a number of different construction methods depending somewhat on the material being used and the production volumes required.

4.1 Lug Frames.

Lugs are the traditional manufacturing method for frames and are extensively used in steel frame manufacture. Cast lugs form the joints for the tubes, which are then brazed or bonded into position. The lugs are investment cast as their primary process and then under go a secondary process to impart thread forms etc. as in the bottom bracket. These lugs are generally brought in as a proprietary item thus removing the need for an investment in machine tools or casting equipment for the company.

Pros
Cheap.


Easy for mass production.


Repeatable frame geometry.

Cons
Geometry limited to lug angles.

Lugs mass-produced due to high cost of moulds reduce flexibility for small volume manufacture.

4.1.1 Brazed joints (fig 5)

Brazing is metallic glue, which is introduced between the two mating surfaces of component parts that are heated to a temperature greater than the melting point of the filler material (glue) but less than that of the components. This process has been traditionally carried out with the heat source provided by a Gas/Oxygen mix flame although some applications can be achieved with the use of ovens or induction heating. This process is therefore difficult to automate when applied to the production of cycle frames and is thus intensive of skilled labour (a disadvantage in volume production). The joining process is the final stage of the production with the exception of any surface treatment such as painting. 
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Fig 5

4.1.2 Bonded joints.

A form of lug frame which use glue to bond the joints this has been used to join steel, aluminium and carbon-fibre frame tubes but is relatively rare.

4.2 Lugless frames.

Lugless frames have the tube ends butted together and then welded to each other thus requiring the tubes to be accurately shaped as only a small gap can be tolerated with this method of production. High volume manufactures may use profile laser cutters or CNC machine cutters to achieve this required accuracy or they may purchase tubes ready cut from the manufacturer or via a third party company. Welds act as small gussets at joints to help transmit stresses along tubes away from joints and some hand made steel frames have bronze welded joints that are flied to give a smooth stress flow. This however requires an initial larger weld to allow for filing and this means that more heat is put into the joint area creating a larger HAZ (heat affected zone). This in tern reduces tube strength by affecting the tubes heat treatment and is therefore something of a debate as to whether it is worthwhile. Aluminium tubes are joined by TIG (Tungsten Inert Gas) welding which uses the gas shield to keep impurities from entering the weld (fig 6). This welding can be carried out by an automated machine or robot to give cheap high volume production process.
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Fig 6 TIG welding

4.3 Composite frames.

These are produced from carbon-fibre matting, which can be laid into a mould, monocoque or pre formed carbon components, which are then bonded together. Steel or aluminium inserts are integrated into the structure to allow for threads such as bottom brackets and brake mounting posts. Some carbon-fibre products employ a thin aluminium frame over which the carbon-fibre matting is then laid this is common in the production of carbon handlebars. This technique employs the easy of forming an aluminium tube with the lightweight high strength of the carbon-fibre. Whichever production method is used it requires skilled hand building which impacts significantly on the final cost.

4.4 Cast frames.

Cast frames are very few and far between but there is a few in production which are usually full suspension frames. Cast frames are generally produced from magnesium by pressure die-casting, which involves the injection of molten Magnesium being forced under pressure into a mould. This material then solidifies and the mould is opened to allow the finished casting to be removed. This process is ideally automated requiring machine tools and moulds that are expensive to purchase but produce high quality parts at a high volume from minimal low skilled labour. The casting process of the magnesium frame is the primary process with a secondary machining operation for the formation of threads and bores for bearings. This secondary operation could be subbed out however, although the cost of a machine capable of this work is high, it would be a small cost in comparison to the casting and mould set-up.
5.0.  
Summary.

Mountain bike frames come in a multitude of styles and materials and as with any product at the end of the day it needs to be capable of carrying out the job for which it was designed. There is also a growing need for a product to ‘look the part’ as some items may attract a certain amount of sales from this perspective rather than function (as seen with mountain bikes, most of which will never see a rough track in their entire life span). This said the serious rider has to decide for what purpose he needs the bike to perform when considering the purchase of a new cycle. Most XC riders only consider a ridged hard tail and as for the material, this will most likely be determined by the budget available as weight can be kept low at a price. On the other hand down hill riders will want a full suspension bike that is indestructible with weight being of little consequence. General trail riding will require a compromise in both with comfort and weight considered with equal importance. Material choice is less of an issue and as already pointed out the largest percentage of frames are now being produced from aluminium. Steel still holds some production particularly at the lower end of the market where price is king. It also has the potential to rival aluminium in weight to strength with the introduction of hi-spec special tubes, however this material is expensive and thus eliminates steels major advantage of cost. Cast frames are unlikely to play any major part due to the high cost of setting up the production process and titanium and carbon fibre will continue to hold a small market available to those how can afford the price tag. Production methods are almost fixed to the material being used with steel using lugs and brazing while aluminium is lugless and TIG welding. Carbon fibre may be the odd one out here as it is possible that in the near future some development may take place which will not only automate the production method but thus reduce the price of the finished product making it a cost competitive option.
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