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Abstract 
The purpose of this design project is to design a full suspension bicycle frame and rear suspension system 

that will function on the same level as the highest quality bicycles available at this time. The report will 

compare the various suspension systems on today’s market and discuss the design of the system used on 

the All Mountain or Enduro type bike I designed. The design of the suspension kinematics will be 

discussed to show how to achieve a selected set of ride characteristics. The design and analysis of the rear 

shock linkage, used to provide a progressiveness to the rear suspensions leverage ratio, is conducted to 

verify the strength of the components under maximum loading conditions. Recommendations for the 

linkage system are presented to produce a new design that is stronger and lighter than the initial design.  
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Part 1.  

1 Introduction 
 

The sport of mountain biking can generally be split into two main disciplines, Cross Country (XC) and 

Downhill. These disciplines represent the two extremes of a spectrum, where XC mountain biking 

involves long distances over the least aggressive terrain and Downhill representing short distances over 

the most aggressive terrain. The forces applied to an XC bike differs substantially to that of a Downhill 

bike due to the terrain being ridden. In many XC races, the bikes ridden do not even include a rear 

suspension, known as hardtails.  A full suspension XC bike’s suspension system will need to respond to 

wheel impacts but focus on decreasing the compression of the shock during the rider’s movements while 

pedaling. If the suspension system does not resist the compressions during pedaling the energy that would 

be used to propel the rider forward will be dissipated into the suspension, reducing the riders power 

efficiency. Resisting suspension compressions from movements during pedaling is not as critical in a 

Downhill bicycle because most of the acceleration is due to gravity, not from the rider.  

XC and Downhill mountain bikes have suspension systems that are designed specifically for a certain type 

of riding. This has led consumers that are interested in the different disciplines of mountain biking to 

purchase multiple bikes. Recently there has been a surge within the industry to develop a new breed of 

mountain bike that can not only pedal efficiently but also have a suspension system that can comfortably 

absorb the impacts from aggressive terrain.  This new category can be described as a trail, All Mountain, 

or Enduro bike. The challenges faced with designing a rear suspension system for these types of bikes can 

be more complex than the other discipline due to the need for long suspension travel as well as a high 

efficiency while pedaling. 

Many designs on the market today can look completely different from each other, but when analyzed it 

can be found that they could be quite similar. This report will help to explain the differences between 

different styles of bikes as well as the procedure to develop a frame and rear shock linkage to achieve a 

selected set of suspension characteristics. 

 

 Problem statement 

There is no such thing as a perfect suspension system, there can always be a way to improve some aspect 

of the bike by altering the design. However, the changes made to improve upon one ride characteristic 

could have an inverse effect on another, ultimately affecting the ride quality of the bike. In this report, the 

geometry of the bike describes its overall dimensions (e.g. wheelbase, reach, head angle) and the term 

kinematics relates to the movement of the suspension system. The bike’s ride quality depends on the 

combination of the geometry of frame as well as the kinematics of the suspension, and any changes to 

frame geometry or the kinematics can change the ride quality or “feel” of the bike. The vast difference in 

the terrain ridden on an All mountain or Enduro type mountain bike complicates the design. The 

combination of the geometry and suspension kinematics needs to be carefully and strategically chosen to 

ensure it strikes a balance between weight, pedaling efficiency, reliability, and bump absorption. 
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 Objectives 

The objectives of this report are: 

1. Determine a frame geometry that will provide stability while descending over rough terrain. 

2. Develop a rear suspension system that provides efficient pedaling characteristic while providing 

maximum traction. 

2 Background 
The rear suspension design of mountain bikes is looked at by many riders as black magic. To begin the 

understanding of suspension the first step would be to answer the question, why is rear suspension even 

needed? The main goals of incorporating rear wheel suspension into mountain bikes are to increase 

traction and reduce harshness. The addition of suspension to a mountain bike allows the wheels to track 

the ground while riding over obstacles along the trail, such as rocks, roots, and holes. Before the detailed 

discussion of suspension systems, a glossary of terms is provided to define the common terms. 

 Glossary of terms 

Pivot: A point of rotation on a suspension frame. Point of connection between two links. 

Linkage: The sections of the frame between the pivots. 

Travel: Measurement of how much the suspension can move. Normally interpreted as vertical movement. 

Can also be used to measure the distance the wheels move along the axle path. 

Axle path: The virtual path drawn by the wheel axle as the suspension moves through travel. 

Leverage ratio (LR): Ratio between the travel of the wheel and the shock stroke.  

Sag: Initial suspension travel amount in a stationary position, caused by the weight of the bike and the rider.  

Pedal-kickback: Involuntary rotation of the pedals (crank) during suspension movement due to chain 

elongation or chain growth.  

Anti-Squat: Effective stiffening of the rear suspension during acceleration, an extension of the suspension 

while pedaling.  

Anti-Rise: Compression of the rear suspension during braking, also known as Brake Jack.  

Instant center (IC): A point, common to two bodies in plane motion, which point has the same instantaneous 

velocity in each body. The IC location varies along a given path through the suspension travel [1]. 

Center of Curvature (CC): The effective pivot point for the axle path of a multi-link suspension system. 

The CC location varies along a given path through the suspension travel. The intersecting point of a line 

drawn between the rear axle and the IC at each suspension position. 
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 Full suspension  

The main purpose of suspension on a mountain bike is to absorb bumps and maintain contact between the 

tire and the ground.  The suspension can improve braking, cornering, acceleration, rider fatigue, and allow 

the rider to achieve higher speeds due to increased traction and less harshness. Suspension forks are 

utilized in almost all types of mountain bikes for the front suspension. Most suspension forks are simple 

in design and consist of two telescoping tubes, called legs or stanchions, that allow linear movement of 

the front wheel. The linear motion of suspension forks is normally well understood and therefore will not 

be discussed in detail in this report. The rear suspension systems consist of several links, bearings, and a 

shock absorber. There are two types of shock absorbers, air and coil spring where air shocks use air 

pressure as the spring. The addition of rear suspension to a mountain bike can add to the complexity 

because of the extra components. For this reason, hardtail mountain bikes are considered to be simpler, 

lighter, and less expensive, but in most applications a full suspension bike will out perform a hardtail due 

to the benefits it provides. 

The forces acting on a mountain bike can be separated into two classifications, external and internal 

forces. When there is no pedaling, when the bike is coasting, all the external forces sum to zero. The main 

external force is the force of gravity pulling the rider and the bike into the earth. This will cause two 

reaction forces at each tire contact patch. The magnitude of these reaction forces are controlled by the 

location of the center of mass (CM). If the CM is located exactly between the front and rear wheels, the 

front and rear reaction forces will be equal, see Figure 1 .  External forces from air resistance will be 

neglected in all calculations. 

 

Figure 1: Forces from the Rider and Reaction Forces 

The internal forces include bump force, braking force, chain force, and acceleration force. When the rear 

wheel meets an object, a force is transferred into the rear suspension, compressing the suspension. The 

direction of this force will be determined by the size of the object and the resultant force will be along an 

imaginary line formed from the contact point of the object/tire and the wheel axle.  This resultant force 

can be broken into two components, normal and tangential. The rear wheel axle can be considered a pivot 
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because the wheel hub consists of bearings which allow the wheel to rotate around the axle, therefore a 

moment cannot be exerted on the axle; the wheel will only rotate around the axle. So, of the two 

components of the resultant bump force only the normal (vertical) force will be acting on the axle since 

the tangential force acting on the tire will only rotate the wheel. The braking force is created from the 

ground trying to rotate the wheel while the brake is preventing rotation. As the rider starts to pedal a force 

is transferred to the rear wheel by the chain, rotating the rear wheel. Pedaling also causes the bike to 

accelerate forward slightly faster than the rider, causing the rider's weight to shifter rearward applying a 

force into the rear suspension, causing the suspension to compress. Figure 2 shows all internal forces 

acting on the bike. 

 

Figure 2: Internal Forces Acting on the Suspension 

 Existing types of suspension 

Of the many companies selling mountain bikes one of the main differentiating factors is there rear 

suspension design. There are several different types of suspensions and each type have their own 

advantages and disadvantages. Other designs on the market today consist of variations of the designs 

listed below. There are many online articles that explain, in detail, the differences between the different 

types of suspension systems.  This section will give a brief explanation of the most common systems but 

will have more information on the single pivot linkage driven shock used for the design of my bike. 

2.3.1 Single pivot  

The single pivot suspension is considered the simplest type of suspension design. The rear end of the bike 

consists of a rear triangle, also called swingarm, which rotates around the main pivot (Point A) on the 

frame. The rear wheel and shock attach to the rear triangle at points B and C respectively, see Figure 3. 
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Figure 3: Single Pivot Diagram 

The axle path of a single pivot design is an arc with the center of rotation at the location of the main pivot 

point. An arc-shaped axle path will provide an upward and rearward trajectory at the beginning of the 

travel followed by a nearly vertical path in the middle and ending with a slightly forward path toward the 

end of the travel. An axle path with an initial rearward path is argued to be the desired path due to the 

path direction matching the resultant force of obstacles contacting the tire. One way of achieving a 

rearward axle path is to have a higher pivot point. If the main pivot is moved high enough on the frame 

the axle path will be much closer to the resultant forces and provide a more active suspension but will 

also lead to negative effects during pedaling from the drivetrain forces. Figure 4 shows how the resultant 

force is more in the direction of the axle path.  

 

Figure 4: Axle paths of a single pivot and a high pivot rear suspension design 

2.3.2 Linkage Driven Single Pivot (Faux-bar)  

This system is essentially the same as a single pivot with the addition of a linkage attached to the shock. 

Figure 5 displays a common configuration of this system, referred to as the “faux-bar”. This suspension 

configuration is commonly confused to be a four-bar type, but since the wheel is located on the chainstay 

it will still have an arc-shaped axle path rotating around the main pivot at point A. Figure 5 shows two 

different configurations of a linkage driven single pivot suspension design. 
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Figure 5: Two Types of Linkage Driven Single Pivot Suspension System 

2.3.3 Horst link 

The Horst link, also referred to as four-bar, suspension design is commonly used by many manufacturers. 

This design features four links, the chain stay, seat stay, rocker link, and the frame, see Figure 6. The 

links form a quadrilateral with the rear wheel attached to one side and the frame to the other [2].  This 

system can be compared to a double wishbone automobile suspension system. In a horst link design, the 

rear wheel will be attached to the seat stay of the bike, not the chain stay. One of the benefits of this type 

of suspension is the fact that the wheel is not attached directly to the frame, allowing the axle path to 

rotate around a moving point instead of a fixed point. The axle path will be defined by the instant center 

and the center of curvature (CC) of the linkage. This type of suspension gives more control in the design 

of the suspension by allowing the shape of the axle path top to be altered, rather than only having an arc 

shape. The Horst link design also allows more control over the anti-squat and anti-rise values which can 

improve the suspension performance while pedaling and braking. 

 

Figure 6: Horst Link Suspension System 
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2.3.4 Twin Link (Virtual pivot) 

The twin link design is a four-bar suspension type. It is similar to a horst link type with the exception of 

the location of the chainstay pivot point, point B in Figure 7. This point is closer to the frame when 

compared to a horst link design. Along with the horst link design the axle path will be tangential to the 

instant center at any given point in the suspension travel. The main difference between a horst link and 

twin link is the control over the anti-squat values. The geometry of the links can allow the designer to 

have anti-squat values similar to single pivot bikes or to have a higher percentage of anti-squat at a 

selected suspension travel. This could allow more efficiency while pedaling, where the suspension is at 

the sag location, and less anti-squat at full travel to avoid a large amount of pedal feedback. 

 

Figure 7: Twin Link Suspension System 

 Rear Suspension Design 

The main parameters in the design of the rear suspension system are the axle path selection, anti-squat 

percentage, and anti-rise percentage. A brief explanation of each will be discussed in this section. 

2.4.1 Axle Path 

The first parameter to investigate is the selection of the axle path. The rear wheel will follow a specific 

path while moving through the suspension travel. The shape of this path is related to the center of 

curvature of the rear wheel. As previously discussed in a simple single pivot design the instant center is 

always located at the main pivot point, therefore the axle path will be an arc with a radius equal to the 

distance between the rear axle and the main pivot, see Figure 8.  

 

Figure 8: Single Pivot Axle Path Diagram 
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In a four-bar linkage some of the instant centers can be found by inspection, using the definition of the 

instant center; a point on a body in planer motion that has zero velocity at a particulate instant in time. The 

IC location varies along a given path through the suspension travel. The velocity in each suspension link 

will have the same instantaneous velocity at the pivot location. According to Kennedy’s rule any three 

bodies in planer motion will have three instant centers, and they will lie on the same straight line [1]. This 

means the instant center of a horst link or twin link design can be found graphically by extending the rocker 

links and chain stay and finding the intersection point. This can be seen in Figure 9 for a horst link and in 

Figure 10 for a twin link design. Link A and B in each image will have an instant center at each pivot point 

of the link. The instant center point required for axle path analysis is found at the intersecting point along a 

straight line formed by extending links A and B. 

 

Figure 9: Horst Link Instant Center Diagram 

 

 

Figure 10: Twin Link Instant Center Diagram 
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What does the instant center have to do with the axle path? It will control the pivot point of the rear wheel. 

Unlike the single pivot the instant center of a four-bar suspension will change location throughout the 

suspension travel. The effective pivot point of the rear wheel path will be the center of curvature, the 

intersecting point of a line drawn between the rear axle and the IC at each suspension position, see Figure 

11. 

 

 

Figure 11: Axle path of four-bar suspension with the center of curvature and instant center location 

It is easy to see how a rearward axle path can be beneficial to a mountain bike suspension by allowing the 

rear wheel to move out of the way easier than a more vertical path, because the force from most impacts 

are more aligned to the path. 

2.4.2 Anti-Squat 

 

One large disadvantage of a full suspension mountain bike is due to a compression of the suspension 

while pedaling. This is commonly known as pedal bob. Pedal bob is due to the rider shifting rearward 

under pedaling; the acceleration from pedaling causes the riders center of mass to move rearward. The 

suspension systems in automobiles and motorcycles also experience a shift in the center of mass during 

acceleration, but the main difference is that the acceleration of a bicycle is not constant like in a vehicle 

powered by an engine. The acceleration of a bicycle occurs with each pedal stroke. This causes the rider's 

center of mass to be repeatedly shifted back and forth, causing oscillations (or bobs), during pedaling. 

This oscillation will work to compress the shock, converting energy moving the shock into heat, and 

ultimately waste the rider’s energy.  

To counteract pedal bob the drivetrain forces can be used to help resist suspension movement while 

pedaling. Anti-squat is a measure of how much the suspension system can reduce pedal bob, or a method 

of using drivetrain force to achieve an equilibrium torque balance between the main triangle and the 

swingarm, about the main pivot point [3]. The resultant drivetrain force will always be along the 

swingarm line, the line from the axle to the IC (also through the CC in a four-bar design). To begin an 
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understanding of the drivetrain force it needs to be known that if a force is applied to any part of a body 

there will be a parallel acceleration at the body’s center of mass, see Figure 12.  

 

Figure 12: Force on a body diagram 

In the case of a bicycle wheel and swing arm the force applied to the rear cogs is through the tension in 

the chain. To assume no effect on the suspension this force would need to be parallel with the swingarm 

line, see Figure 13. If any angle was present the chain force would cause a rotation around the main 

swingarm pivot point. 

 

Figure 13: Chain Tension and Swing arm force 

As previously mentioned, movement of the suspension can be counteracted if the sum of the moments on 

the swingarm and main triangle about the main pivot are equal to zero; even if the summation of moments 

was close to zero there would be a benefit. The moments from the chain tension on the swingarm needs to 

balance the moments on the main triangle from the rider’s center of mass. A precise calculation can be 

extremely complex and accurate results would be difficult to achieve because of the uncertainty of the 

applied loads, which are dependent on the riding conditions as well as the rider. The moments created can 

be time-dependent, such as the chain tension varying through the pedal stroke. It also needs to be know 

that the chain force is dependent on the size of cog, therefore any change in gear will affect the anti-squat. 

The anti-squat value will also change for every position in the suspension travel. This means that it would 

be impossible to choose a perfect anti-squat value, another compromise. A simpler approach can be to use 
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a graphical method to calculate the percentage of anti-squat. The anti-squat vector is a line starting at the 

rear tire contact patch and then passing through the intersecting point of the chain and swingarm line. A 

vertical line is then drawn at the front tire contact patch past the center of mass. Lastly, a horizontal line is 

drawn from the center of mass to the vertical front tire line, see Figure 14. The percentage of anti-squat 

can be found from the angle of the anti-squat vector. If this vector intersects the vertical line at the center 

of mass location the anti-squat percentage would be 100%. In theory 100% anti-squat correlates to the 

chain force completely canceling the suspension movement from pedaling. Under the center of mass, the 

percentage will be below 100% and above the center of mass the percentage will be above 100%. An anti-

squat value above 100% will allow the suspension to extend under pedaling, therefore counteracting the 

pedal bob and improving the pedaling efficiency. 

 

Figure 14: Anti-Squat and Anti-Rise Diagram 

Just like any suspension design parameter the percentage of anti-squat is a compromise. A high value may 

sound great in theory to help improve pedaling, but high levels of anti-squat can cause excessive feedback 

from the pedals, known as pedal kickback. As the rear wheel moves through the suspension travel the 

cassette moves in a rearward direction. The chain needs to lengthen to compensate for this change. This is 

known as chain growth and almost all suspension designs are affected; unless the rear wheel rotates 

concentrically around the front chainring. The problem comes into play when the suspension is 

compressing, and the chain tension is not able to rotate the rear wheel. The chain will still need to grow 

therefore the front chainring will be forced to rotate in a reverse direction, rotating the crank arm. The 

force from the rotation of the crank arm is countered by a reaction force from the rider’s foot and can 

effectively resist the suspension movement. A suspension design with a large amount of pedal kickback 

can have adverse effects to the suspension sensitivity over rough terrain.  
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2.4.3 Anti-Rise 

Anti-rise, or brake jack, is similar to anti-squat but refers to braking forces rather than drivetrain forces 

affecting the suspension. The braking force comes from the brake caliper squeezing onto the rotor. The 

rear calipers location varies between different mountain bikes, built is most commonly mounted to the 

chain stay or the seat stay. Because the caliper is attached to some part of the rear triangle its location 

moves throughout the suspension travel. When the caliper is not being engaged it is free to rotate around 

the brake rotor, but in most configurations when the brake is applied and if the rear wheel is not able to 

move the rear triangle will be forced to rotate around the main pivot, compressing the suspension. The 

summation of the frictional force from the caliper and the frictional force of the tire will be equal to the 

force at the axle and will induce a moment about the main pivot. This moment will be equal to the 

swingarm force multiplied by the perpendicular distance between the axle and main pivot and will to 

affect suspension movement during braking.  

Anti-rise can also be represented graphically like anti-squat. It is dependent on the IC location. The anti-

rise vector is a line drawn from the rear tire contact patch through the IC and then the vertical front axle 

line, seen line ar in Figure 14 above. In general, it can be said that high anti-rise levels can make the 

suspension less reactive during braking. On the other hand, while breaking there will be a transfer of 

weight to the front of the bike reducing the load on the rear tire and affecting traction. If the rear 

suspension was to compress during braking it could help to reduce weight transfer and increase traction. 

This makes it hard to say what is the “proper” anti-rise value. An anti-rise above 100% would imply the 

rear suspension would compress during braking. Under 100% the suspension would extend and at 100% 

there would no suspension movement from brake forces.  

2.4.4 Leverage Ratio 

A very important suspension parameter is the leverage ratio (LR). The LR is a ratio of rear wheel travel to 

shock stroke and defines the progressivity of the suspension. In a progressive suspension the force 

required to compress the shock will increase throughout the travel. Progressivity of the suspension can be 

adjusted using different shock configuration, such as an air shock (progressive spring rate) rather than a 

coil spring shock (linear spring rate). This report will mainly focus on the suspension’s progressivity 

using linkage design rather than different shocks types. Average LR will be the ratio between the total 

wheel travel and the total shock stroke. A higher average LR will have more leverage on the shock and 

will be more sensitive because they can easily overcome any friction forces in the shock. A lower average 

LR will provide more support and will be harder to compress the suspension. The LR can be calculated at 

any point thought the suspension travel and each point can be plotted to create the LR curve. The LR 

curve is more useful to describe a bikes suspension progressivity and how it will react to certain 

situations. Many current mountain bikes are utilizing a progressive LR curve to allow the suspension to 

have a high initial LR and a lower final LR. This will help with small bump sensitivity in the initial part 

of the travel, but then ramp up at the end to help resist bottoming the suspension. Typical enduro 

mountain bikes have an average LR ranging between 3.5:1 and 2:1. 

 Frame Geometry  

The geometry of the frame plays an important role in the performance of the suspension. The suspension 

setup is dependent on of the frame geometry and any changes to one will affect the other. Geometry refers 

to the physical relationship of the chassis components [4]. Some of the many factors of the bike’s 

geometry are the wheelbase, wheel diameter, fork offset, steering head angle, and center of mass location. 
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The two areas it will affect the most are longitudinal stability and the steering. There is a current trend in 

mountain bike design to have the frames be longer, lower, and include a greater trail value (slacker) than a 

few years back. These changes all work to improve the bikes high speed longitudinal stability. Mountain 

bike racing has been getting faster and faster every year and the bike design needs to evolve with the 

racing conditions. The diagram in Figure 15 displays the main dimensions of a mountain bike frame. 

There are many articles explaining each dimension so a detailed discussion of each will not be included.  

 

Figure 15: Frame Geometry Diagram [5] 

2.5.1 Weight Bias 

The rider's center of mass is extremely important to the activation of the suspension and the handling of 

the bike. The location of the center of mass is dependent on the frame geometry, more of an effective 

location since the rider is constantly moving on the bike. Figure 16 shows how the center of mass will 

normally be in front of the bottom bracket while in a position to descend over rough terrain, unlike in 

Figure 1.  

 

Figure 16: Weight Bias Diagram 
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The best location for the rider’s center of mass would be in the center of the wheelbase. To achieve this 

the front center distance will be longer than the rear center. The Reach is the main dimension to adjust the 

length of the front center, see Figure 15. In the past the top tube length was commonly used, but the top 

tube length can be affected by the seat tube length and angle so Reach is a better value to use when 

comparing the size of different bikes. An increase in Reach will result in a longer wheelbase. Although a 

longer wheelbase will provide more stability there will be a decrease in maneuverability. The dimensions 

of a mountain bike frame need to be chosen to provide a balance between having good high-speed 

stability and keeping good maneuverability at slower speeds. A bike that is too long, as in front center 

length, can also require the rider to move farther over the front of the bike during corners to get enough 

front tire traction. This will lead to addition force on the rider’s hands potentially making the ride harsh 

and fatiguing the rider. 

2.5.2 Trail 

When it comes to the steering of a mountain bike the main geometry value would be front-end trail. Trail, 

in this case ground trail, is the distance from the tire contact patch to where the steering axis intersects the 

ground. In simpler terms it is the distance the front wheel contact point “trails” behind the steering axis, 

see Figure 17 [4]. 

 

Figure 17: Trail Diagram 

Trail affects the stability of the bike by making the front wheel self-center, which provides stability but 

will require more steering effort to turn the handlebars. A common example to explain the self-centering 

effect from the trail measurement is looking at caster wheel (shopping cart wheel). A caster wheel has a 

vertical steering axis and the contact patch of the wheel follows behind the steering axis, see Figure 18 

[4]. When the wheel is turned and is offset from behind the steering axis a moment is created around the 

steering axis from the force on the wheels contact patch. The moment around the steering axis is what 

works to center the wheel, see Figure 19. 
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Figure 18: Caster wheel Trail Diagram [6] 

 

 

Figure 19: Caster Wheel Moment Diagram 

Unlike the simple caster wheel common telescoping suspension forks are mounted on an angle. The rake 

or angle of the forks is set from the angle of the frames head tube. The trail value can be affected by the 

headtube angle, fork crown offset, axle offset, and wheel diameter. Fork crown offset refers to the 

distance between the steering axis and the fork stanchions. This offset is provided by the fork crown, the 

part of the fork that connects the two stanchions to the steering tube. Any change in these four values will 

affect the trail. It is also good to note that with telescoping forks the rake will change as the suspension 

compresses, therefore changing the trail value. There is no perfect trail value, just like all the other 

suspension parameters, and it can make some confusion in what will happen when certain dimensions are 

changed. For example, when the head angle decreases (slacking the angle, more rake) there will be an 

increase in trail and the more total offset (crown offset + axle offset) the less the trail value will be. An 

example currently being done in the industry is reducing fork axle offset from around 51mm to 42mm on 

many 29” bikes. This will increase the trail value and in theory increase the stability, but it will also 

increase the steering effort. This change is being presented to actually increase the steering response and 
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not the stability, which sounds backwards to what it should be accomplishing. Although this reduced 

offset will increase the trail it will also decrease the wheelbase and the front center length. This could lead 

to effects that could counteract the stability increase or the higher steering effort, possibly from more 

weight on the front tire from a shorter front center. 

Part 2. Bike design  

 Methodology  

 

The goal of this project was to design and fabricate a steel full suspension mountain bike frame that could 

be ridden over rough terrain while providing a progressive suspension system to reduce initial travel 

harshness and give support at the end of the travel to reduce bottoming.  

 

The objectives of the design process are shown below. 

 

1) Determine constraints, suspension system requirements, and specifications 

2) Create preliminary designs 

3) Evaluate designs and select the best candidate  

4) Create 3D models of designs and analyze 

5) Iteration of design 

6) Prototype design 

7) Physical analysis of the suspension system  

8) Conclusion and Improvements 

 

2.6.1 Determine constraints, suspension system requirements, and specifications 

 

Before starting the design, background research was conducted to help choose a geometry and suspension 

system. It needs to be mentioned that the final design was mainly selected due to its simplicity. One of the 

largest constraints was the design needed to be kept simple to manufacture. A fixture would need to be 

created for any welded assembly and therefore a single pivot design was selected early on. A single pivot 

design allowed the rear triangle to be constructed as one component rather than multiple components 

fastened together. This eliminated many complicated machined components and fixtures to mock up each 

component.  Designs such as a horst link were deemed too complex to manufacture using the available 

resources. 

Once this research was completed a list of design requirements was created: 

1) Select wheel size and suspension travel. 

2) Select frame dimensions that are suitable for my body size. 

3) Addition of shock linkage to create a progressive rear suspension response. 

4) All components are able to withstand forces from riding over most aggressive terrain. 

Several parameters of the bike were selected based on personal preference such as wheel size and 

suspension travel. I chose the bike to include 29” wheels, 140mm of rear suspension travel, and 160mm 

of front fork travel.  I am about 6’ tall with long arms and legs and believe 29” wheels are a better fit my 

riding style. The difference between the front and rear travel was chosen to help with the pedaling 
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efficiency of the bike, but also still give the ability to ride extremely rough terrain. A staggered 

suspension travel setup can be seen on many mountain bikes. In my opinion it is a good implementation 

because the longer fork travel helps to reduce harshness in the rider’s arms and hands, which are not as 

strong as the rider’s legs. Having less travel in the rear suspension affects the riders less because their legs 

will act more as a type of suspension, therefore only minimal harshness will be added. Less rear travel 

will also help to increase pedaling efficiency. 

 

The next step was to select frame geometry values that would match my height. To find these values 

research was done on several bike models produced by major companies. Several bike models matching 

my personal preference were selected and a table was made comparing the various frame and suspension 

values. This table was used to select the dimensions of the final version, seen under the My Bike column 

in Table 1. 

 

 

As previously mentioned, the selected of a single pivot design was chosen for its simplicity. However, 

one of the design requirements was to have a progressive LR curve. To achieve this a linkage would be 

added to the rear shock. In a single pivot design, where the shock is directly connected to the rear triangle, 

the LR curve is normally liner or slightly regressive (less shock force required throughout the travel). The 

shock linkage is essentially a small four-bar linkage with a double-rocker inversion. It acts to change the 

LR curve throughout the travel. 

 

The frame and the suspension need to withstand the maximum forces experienced while riding. This 

would include riding over rocks, jumps, drops and high g force corners. It is difficult to calculate the 

exact amount of force the suspension would see during riding due to there being many factors being 

involved that can affect the force, such as speed, obstacle size and shape. The best method to get the 

Measurement

2018 Transition 

sentinel
2017 Canyon Strive 2017 Evil Folowing

GeoMetron 13 

Long/longer
Pole 131 M/L/XL Evil calling L/XL YT Yeffsy 29 L/XL Nukeproof mega 29 My Bike

REACH 475 468 439 490/510 480/510/535 457/474 445/465 470 480

STACK 626 627 608 610/619 620 613/627 623/628 627.32 635

EFFECTIVE TT 

LENGTH
622 648 626 642/664 614/644/669 624/644 616/637 632.24 635

SEAT TUBE LENGTH 440 460 470 450/470 440/460/480 460/495 480/520 458 480

EFFECTIVE ST ANGLE 76.3 75° 74.3° 76.7 78 74.8 74.5 75.5 77

HEAD TUBE LENGTH 110 135 110 120/130 135 133/147 110/115 110 110

HEAD TUBE ANGLE 64 66° 67.4°/66.8° 65.2 65 66.4 or 65.8 67 66 65.5

CHAINSTAY LENGTH 435 423 430 445/451 455 432 440 450 445

WHEELBASE 1247 1207 1162 1270/1296 1274/1304/1329 1195/1218 1178/1205 1236.3 1244

BOTTOM BRACKET 

DROP
30 36 22 20 32 30.3 35

ESTIMATED BB 

HEIGHT
345 340 338/331 338 or 330 335

REAR TRAVEL 140 160 120 130 130 130 140 155 140

FRONT TRAVEL 160 160 130 140 140 140 160 160

Frame Geometry Comparison - Dimensions for large frame unless specified

Brand/Model/Year

Table 1: Frame Geometry Spreadsheet 
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maximum force the suspension is under would be to install data acquisition equipment onto a bike and 

record data such as shock travel, pressure, and acceleration under a variation of different riding 

conditions. Unfortunately, this would not be practical for this project so bench testing of the shock was 

chosen. 

 

2.6.2 Create Preliminary Designs  

 

To begin the preliminary suspension designs a SolidWorks model of the frame was created. This model 

started with a detailed 2D sketch of the frame geometry. The next step was to create several different 

linkage configurations to achieve the desired LR curve. A major help to quickly create different 

suspension designs was to use a software package called Linkage X3, produced by Racooz Software. This 

software is used by many companies in the mountain bike industry to improve the kinematics of their 

suspension systems [7]. This software was used to create a model for the selected geometry and then 

create several linkage configurations to find the optimal LR curve. This software could also be used for 

many other suspension parameters, such as anti-squat and anti-rise. All the data gathered from this 

program could have been calculated using a graphical method or by using a program like SolidWorks but 

would have been more time intensive. 

The first design created is shown in Figure 20. In this design the rear shock and the rocker link was 

attached to the downtube. Having the rocker and shock lower would help to lower the center of gravity of 

the bike and improve the handling. The rear triangle connected to the rocker link with two long 

connecting links, one on each side of the seat tube. 

 

Figure 20: Design 1 Linkage X3 Model 

The next design created is shown in Figure 21. In this design there is a binary connector link connecting 

the rocker link to the frame. The two other pivots on the rocker connect to the rear triangle and the shock. 

The opposite end of the shock connects to the frames down tube. The main difference between this design 

and designs 1 and 3 is that the rocker link (the ternary link) is not attached to the frame, the connector link 

is. The benefits of this design are a small and compact linkage. The linkage is hidden between the rear 

triangle and could even be visually mistaken for a single pivot design, adding to the bike’s ascetics. 
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Figure 21: Design 2 Linkage X3 Model 

The next design created is shown in Figure 22. In design 3 the rocker like is attached to the frame, like 

design 1, but in attached to the top tube rather than the down tube. The rocker link is then attached to the 

rear triangle by a small connector link. The opposite end of the shock is connected to the down tube. 

 

Figure 22: Design 3 Linkage X3 Model 
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Design 1 and 2 had similar anti-squat and anti-rise 

percentages. The reason behind this is due to design 1 

and 2 having the main pivot located in roughly the same 

location, in reference to the chain line. The axle path 

profile of all three designs was similar. The path initially 

moved slightly rearward, then vertically, and then 

forward. This axle path is common to a single pivot 

configuration. All three designs had a progressive LR 

curve, meeting the design requirement, see Figure 33. 

However, the shape of each curve was very different. 

Starting with design 1, the leverage curve had what 

looked like a linear path starting from about 3.4:1 and 

descending to approximately 2.3:1. The LR curve of 

design 2 had a somewhat odd shaped curve. The curve 

started at approximately 3:1 and ended at approximately 

2.3:1. The start of this curve could be considered linear, 

but towards the end of the travel it quickly started to 

approach final LR value. Design 3 mimicked the design 

2 curve, but the final value was much lower than both 

design 1 and 2. Design 3 started at a value of 

approximately 2.95:1 and ended at a value of 

approximately 2:1.  

While conducting the background research the LR of 

many 140mm – 160mm suspension travel bikes was 

found. These values ranged from around 3:1-2:1 and had 

many different curve profiles. It is commonly known that 

the values within this range provide an acceptable level 

of progressiveness to the rear suspension system, however the curve profile is not commonly discussed. 

As the LR decreases more force is required to compress the shock. A good performing suspension should 

have an initial sensitivity to absorb small bumps from rocks, roots, etc. This initial sensitivity would be 

achieved by having a high initial LR. In the middle of the suspension travel there needs to be ample 

support to absorb larger impacts from rocks, small jumps, drops, etc. If the LR is too high these impacts 

can cause more compression of the shock and make the bike ride lower in its travel. Under very large 

impacts such as jumping to flat ground a lower LR will help to slow down the impact and reduce the force 

on the rider and the bike. It is easy to see why different LR values will help under certain conditions. The 

question is how fast or slow should the LR change, the slope of the LR profile. This would relate to the 

dampening of the shock design and should be tuned to the selected dampener. The three designs did 

appear to have a steeper LR curve than what was desired, comparing to other bikes on the market, but it 

was decided to keep this profile to see how it would affect the bike’s performance. It should be mentioned 

again that these curves will be affected by the types of shock used. Air shocks will add to the 

progressiveness and will effectively steepen the profile of the curve. The common coil spring shocks on 

the market today utilize linear springs so using a coil shock would not affect the path; unless a less 

common progressive coil spring is used. 

Figure 23: Leverage Ratio Curves for 

Designs 1, 2, and 3 
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2.6.3 Evaluate Preliminary Designs  

To evaluate the three designs a design matrix was created. Three categories would be weighed to select 

the best design to manufacture. The designs would be evaluated based on their appearance, 

manufacturability, and suspension performance. All the decisions were based on opinion and from 

background research on the industry, seen in Table 2. Designs 2 and 3 had the highest totals and were 

selected for 3D modeling. 

Table 2: Design Matrix 

 Appearance (10) Manufacturability (10) Performance (10) Total 

Design 1 5 5 4 14 

Design 2 8 3 6 17 

Design 3 6 5 8 19 

 

To begin the 3D models in SolidWorks an initial sketch of the frame was created using the selected 

geometry. The location of several of the tubes was selected based on the suspension pivot locations. The 

frame sketch of design 2 and 3 can be seen in Figure 24 and Figure 25 respectively. 

 

Figure 24: Design 2 Frame sketch 
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Figure 25: Design 3 Frame sketch 

The frame tubes were created using the Weldment feature in SolidWorks. The size of each tube was 

selected based mostly on the availability of the steel tubing. A common type of tubing used in bicycle 

frames is referred to as butted tubing. The wall thickness of this tubing varies along its length. Each end 

of the tube is the maximum thickness to allow for more material for stronger welded joints. Wall 

thickness of the tube will decrease toward its midpoint. Butted tubing is used because it is lighter than a 

uniform wall thickness tube and similar in strength. Due to the selected dimensions of the frame design 

the size of down tube, the tube connecting the bottom bracket to the head tube, was approximately 38mm 

in diameter and had a length of 780mm. The largest butted 38mm downtube I could find available was 

only 750mm in length. This led to purchasing a uniform wall thickness downtube. Using butted tubing for 

the seat tube and top tube could also cause issues with the location of the suspension pivot locations. Each 

pivot point of the shock linkage would have an applied load acting on the frame. If these pivot locations 

were located within the thinner section of the butted tube a failure could occur. The two options for 

solving this possible issue were to reinforce the pivot location on the butted tube, or to use uniform wall 

thickness tubing. It was chosen to use the uniform wall tubing to eliminate the chance of a pivot point 

being located within the thin section of a butted tube. All the frame tubes would be made from 4130 alloy 

steel. 4130 steel was chosen over mild steel due to its high strength to weight ratio. Although 4130 

weighs about the same as mild steel its strength is almost double and therefore much thinner tube can be 

used. The frame will be constructed using 0.039” wall thickness tubing other than sections of the seat tube 

which will be 0.058” wall thickness. The frame model for both designs can be seen in Figure 26. 
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Figure 26: Design 2 (Left) and Design 3 (Right) Frame Model 

A full assembly was then created for each design. Each assembly included the components such as the 

wheels, suspension, handlebars, and seat. The 3D models helped greatly in visualizing any conflicts that 

could occur from clearance issues throughout the suspension travel. Most importantly the rear tire 

clearance between the tire and the seat tube at full suspension compression, an issue with longer travel 

mountain bikes with 29” wheels. When the angle of the seat tube is normally discussed, it is not the actual 

angle of the seat tube, but rather the effective seat tube angle. The effective seat tube angle is the angle 

between a horizontal line drawn between the front and rear axles and a line drawn from the bottom 

bracket to the top of the seat. Figure 27 displays the effective seat tube angle (76.29°) as well as the actual 

seat tube angle (71.2°). Effective seat tube angle is usually more suitable to consider because even though 

the actual seat tube angle differs the angle of the seat itself can be changed to compensate for the 

difference. Decreasing the angle of the actual seat tube can allow for more clearance for the rear tire 

under full suspension travel. 

 

Figure 27: Seat Tube Angle Diagram 
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The assembly of design number 2 can be seen in Figure 28. I found the appearance of this design to be 

quite appealing because of the compact design of the linkage, seen in Figure 29. The major problem 

found with this design was due to the lack of rear tire clearance. The location of the shock linkage led to 

the need for a straight seat tube, it could not be bent like design 3. The tube was even moved forward of 

the bottom bracket, but only had millimeters of clearance at maximum travel. Accounting for flex in the 

frame and rear triangle there was the possibility of the tire contacting the seat tube. It was difficult to find 

a solution to the tire clearance issue without altering the kinematic of the suspension system, therefore 

design 3 was selected as the final design. 

 

 

Figure 28: Design 2 Assembly 

 

Figure 29: Design 2 Linkage 
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2.6.4 Final Design  

 

Design 3 was selected for the final design. The assembly model and the linkage design can be seen in 

Figure 30 and Figure 31. 

 

Figure 30: Design 3 Assembly Model 

 

 

Figure 31: Design 3 Linkage 

The frame of design 3 looked much different than design 2. Unlike design 2 this frame did not have 

clearance issues between the rear tire and the seat tube. This was achieved by having the seat tube being 

made from two sections of tubing. The location of the rocker pivot point delegated that the top tube 

needed to be quite low and led to a large portion of the seat tube protruding above the top tube. A large 

amount of force is generated from the rider sitting on the seat and having a large section of the seat tube 

above the top tube would create a large bending moment on the seat tube. To reduce this bending moment 

a section of smaller diameter tubing was added between the seat tube and top tube, see Figure 32. 
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Figure 32: Design 3 Frame Design 

 

 

 The rear suspension of design 3 had a very 

progressive LR curve that would give the rear 

suspension a good initial sensitivity and then 

provide support at the end travel to help absorb 

larger impacts. Because of how progressive this 

design is it would benefit from using a coil shock, 

so no more progression is added. However, a high 

volume Rockshox Monarch RT3 HV (high 

volume) was selected for used in the final 

prototype. The additional volume in this shock 

would minimize any added progressiveness from 

the air spring. The anti-squat was finalized at 

approximately 120% initially and between 110% 

and 105% at the sag position, which would result 

in efficient pedaling characteristics. The anti-rise 

percentages throughout the travel were about the 

same as the anti-squat percentages, around 120%. 

This value is high and would likely cause the 

suspension to compress during braking but is 

typical to a single pivot based design, see Figure 

33. 

 

The linkage developed for design 3 was made to be easily machinable. The backside of the rocker links 

was made flat to allow for the links to be manufactured from an aluminum plate in one machining 

operation, simplifying the machining process. The connector link would need two machining operations, 

one for each side, but was an overall simple part to manufacture. Both the rocker and connector links 

Figure 33: Anti-Squat and Anti-Rise Plots 
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were made from 6061-T6 aluminum. This material has good machinability as well as a high strength. The 

linkage assembly can be seen in Figure 34. 

 

Figure 34: Connector Link and Rocker Links 

Bearings are used in the rear triangle, rocker link, and connector link to minimize friction. The bearings 

used in both links are radial ball bearings with dimensions of 10x22x6mm. The bearings used for the rear 

triangles main pivot are 15x32x9mm ball bearings, but they are specially designed for use in linkage 

pivots. These bearings have a deeper ball groove for more lateral support. The main pivot bearings are 

much larger than the linkage bearings because of the higher forces on the main pivot, created from the 

both suspension and drivetrain forces. The main pivot bearings can be seen in Figure 35. 

 

 

Figure 35: Main Pivot Bearings 

2.6.5 Initial Analysis   

To meet the requirement that the frame and linkage will be able to withstand the forces while riding, the 

stress in the components needed to be analyzed. An FEA methodology, using SolidWorks, was utilized to 

predict locations of high stress to validate any areas of concern. According to the American Society for 

Testing and Materials (ASTM) standard F2043-13 classifies bicycle usage into five classes of use. 
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Included within this classification is a set of graphical indicators to provide retailers and consumers with 

an indication of the intended use of a particular bicycle or aftermarket components [8]. Table 3 shows 

each classification and a description of riding. 

Table 3: ASTM Bicycle Conditions, Standard F2043-13 

Condition Intended use 

Condition 0 Adult supervision required, no traffic 

Condition 1 Suitable for road riding (only) 

Condition 2 For off-road riding and jumps less than 12 in. (30 cm. 

Condition 3 For rough off-road riding and jumps less than 24 in. (61 cm.) 

Condition 4 For extreme off-road riding. 

 

ASTM also includes standard test methods for bicycle frames in the standard F2711-08 which establish 

procedures for conducting tests to determine the structural performance properties of bicycle frames [9]. 

This standard Provides three testing methods for determining the frame fatigue, which are horizontal 

loading, vertical loading, and impact strength. However, this standard does not specify any testing 

parameters such as the loading or number of cycles required for a frame to pass. This is due to the testing 

parameters are dependent on the classification of the bicycles use. Of the five usages classifications 

provided by the ASTM testing parameters are only supplied for classes 0-3. Condition 4 bike frames are 

considered extreme off-road bicycles and there are no expectations of the forces they are required to 

withstand. The intended use of the bike in design would be considered a condition 4 and therefore the 

loading conditions for a fatigue analysis cannot be acquired from the ASTM. Due to the lack of known 

fatigue loading conditions and the fact that only one frame prototype could be manufactured it was 

decided that a fatigue analysis on the frame would be too intensive to be conducted during the project’s 

time frame.  

To find the limitations of the shock linkage it was chosen that the stress on the components under 

maximum compressive forces would be found. The first step was to evaluate the applied forces on the 

linkage system. The forces required for the FEA analysis were determined to be the force at the rear 

wheel contact patch and the force from the shock’s air spring. As previously mentioned, a Rockshox 

Monarch RT3 HV (high volume) shock would be used. Because this shock utilized an air spring there is 

no spring constant and Hooke’s Law would not apply, unlike a coil spring. To find the shocks reaction 

force one method could have been to use the Ideal Gas Law (PV=nRT) to calculate the pressure in the 

shock at maximum compression. However, to use the Ideal Gas Law the internal volume of the shocks air 

chamber would need to be known. This would require disassembly of the shock; potentially requiring 

internal components needing replacement so another method was found.   

Before finding the pressure of the shock under maximum compression the static shock pressure was 

calculated. When the rider sits on the seat the suspension should compress a slight amount. This position 

is known as the “sag” position and commonly between 20-30% of the total suspension travel. Suspension 

compression under the rider’s weight is required to allow the wheel to extend while riding over dips, 

holes, or variation in the terrain to maintain traction. The air shock in test would have an initial pressure 

to hold the suspension at the proper sag position, which would change based on the linkage design and the 

rider’s weight.  
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The selected sag position was chosen to be 20% of the maximum rear suspension travel or at 28mm into 

the total rear wheel travel. The first step was to calculate the reaction force at the rear wheel (FR) and was 

calculated using the dimensions in Figure 36 with the combined mass of the bike and rider equaling 

190lbs. The shocks piston was found to have an approximate diameter of 45mm. The center of mass was 

assumed to be located at the seat approximately 100mm behind the bottom bracket. All the dimensions 

given were taken from the 3D model. 

 

 

Figure 36: Diagram for Rear reaction force calculation 

∑ 𝑀𝑜𝑟𝑖𝑔𝑖𝑛 = 0  𝑎𝑛𝑑 ∑ 𝐹𝑦 = 0 

Equation 1a: 𝑚𝑔(0.1𝑚) + 𝐹𝐹(0.796𝑚) − 𝐹𝑅(0.443𝑚) = 0 

Equation 2a: 𝐹𝑅+𝐹𝐹 − 𝑚𝑔 = 0 

Equation 3a: 𝐹𝐹 = 𝐹𝑅(0.443𝑚) −  𝑚𝑔(0.1𝑚) 

Equation 3a into 2a: 𝐹𝑅 =
𝑚𝑔(0.1𝑚)+𝑚𝑔

1.443𝑚
= 643.12𝑁 

𝐿𝑒𝑣𝑒𝑟𝑎𝑔𝑒 𝑟𝑎𝑡𝑖𝑜 @ 28𝑚𝑚 𝑤ℎ𝑒𝑒𝑙 𝑡𝑟𝑎𝑣𝑒𝑙 ≈ 2.6: 1 

𝐹𝑠ℎ𝑜𝑐𝑘 = 𝐹𝑅 ∗ 2.6 = 1672.11𝑁 

𝑃 =
𝐹

𝐴
   →  𝑃 =

1672.11𝑁
𝜋

4
(0.045𝑚)2

= 1051356.3𝑃𝑎 ≈ 152.5𝑃𝑆𝐼 
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After the calculation an initial shock pressure of approximately 150psi was found. The next step was to 

record the shock pressure and displacement in set increments. Although an initial pressure of 150psi was 

calculated an initial pressure of 160psi was used because it was included within the increment on the 

pressure gage used during the test. The collected data can be seen in Table 4 and the shock stroke vs 

pressure plot can be seen in Figure 37. (All pressure measurements have an uncertainty of +-3psi) 

Table 4: Shock Stroke vs Pressure Data 

Travel (mm) Pressure (psi) 

Initial - 0 160 

5 168 

10 179 

15 190 

Sag - 20 203 

25 220 

30 240 

35 262 

40 290 

45 311 

50 341 

57 387 

 

 

Figure 37: Shock Stroke vs Pressure Plot 

The pressure gauge used could only read up to 300psi, which only reached 40mm of compression. To get 

the pressure for the entire shock stroke, up to 57mm, the collected data was plotted and then curve fit in 

MATLAB and could be represented as a second-degree polynomial equation, 

𝑃 = 𝑐1 ∗ 𝑥2 + 𝑐2 ∗ 𝑥 + 𝑐3 

Where 𝑐1 = 0.05316, 𝑐2 = 1.054, and 𝑐3 = 161.2. 
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After finding the missing pressures the shock force was then found using the formula for pressure 

(P=F/A) and the data was plotted, see Figure 38. 

 

Figure 38: Shock Stroke vs Force Plot 

This plot displayed that at full compression the shocks reaction force was approximately equal to 954lbf 

(4246.3N). The next step was to find the wheel force under maximum compression. Free body diagrams 

were drawn for the shock linkage and the rear triangle and then the wheel force could be found using 

equilibrium equations. These diagrams can be seen in Figure 39 and Figure 40, all dimensions taken from 

the 3D model. 

 

Figure 39: Free body diagrams used to calculate Link Force  

∑ 𝑀𝑜𝑟𝑖𝑔𝑖𝑛 = 0  

𝐹𝐿(89.5𝑚𝑚) − 𝐹𝑆(99𝑚𝑚) = 0 

Equation 1b: 𝐹𝐿 =
𝐹𝑆(99𝑚𝑚)
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Figure 40: Free body diagram used to calculate Wheel Force 

∑ 𝑀𝑜𝑟𝑖𝑔𝑖𝑛 = 0  

𝐹𝐿(192.5𝑚𝑚) − 𝐹𝑊(446𝑚𝑚) = 0 

Equation 2b: 𝐹𝑊 =
𝐹𝐿(192.5𝑚𝑚)

446𝑚𝑚
 

Equation 1b into 2b: 𝐹𝑊 =
(

𝐹𝑆(99𝑚𝑚)

89.5𝑚𝑚
)(192.5𝑚𝑚)

446𝑚𝑚
 

𝐹𝑆 = 954𝑙𝑏𝑓 ≈ 4243.6𝑁 

𝐹𝑊 = 2026.01𝑁 ≈ 455.5𝑙𝑏𝑓 

The calculation resulted in the reaction force at the rear wheel equaling approximately 455.5lbf. If the 

leverage ratio at full compression was known, LR ≈ 2.04, the wheel force could be approximated as the 

maximum shock force divided by the average leverage ratio at maximum travel. This would give a wheel 

force equal to approximately 467lbf. The difference between the two calculated wheel force values is due 

to rounding of the dimension values used in the calculations.  

In the stress analysis the value for the shocks reaction for will be 954lbf and the value for the wheel’s 

reaction force will be 460lbf. It should be mentioned that these values do not include any impact forces 

that would be induced into the suspension if the system underwent a bottom out condition after falling 

from a given height, hard landings after drops or jumps. Impact force is a function of the deformation 

distance during the impact and could not be calculated due to uncertainties of the applied loads. This is 

because there would be several deformations in not only the suspension but also in the tires, the ground, 

and the rider’s body. Adding to the difficulty is the fact the forces would vary with each impact. There is 

also a compression dampening circuit within the shock, unknown for the shock in test, which would work 

to slow down the rate of impact and alter the initial velocity. To guaranty a safety in the design a safety 

factor of 3 was selected for all components to ensure no failures would occur during harsh impacts. Stress 

analysis was conducted on the rocker links, the connector link, and the linkage hardware to calculate the 

Von Mises Effective Stresses and deflection.  
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First was the rocker link, which had an applied force from the shock and the connector link (FL in 

equation 1b). The rocker link was positioned in the bottom out location and both forces were directed 

along the respective components. Because the analysis was conducted on only one of the rockers, half of 

each applied force was input into the analysis. A bearing connection was used to attach the rocker to the 

frame bolt to allow for rotation. The setup and FEA results can be seen in Figure 41. 

 

Figure 41: Rocker Setup and Von Mises Stress Analysis Results 

6061-T6 aluminum was selected for the rocker for its high strength and machinability. This material has a 

yield strength of 275 MPa. The results of the analysis displayed that the rocker design would meet the 

design objective and had a factor of safety of approximately 4. Since the rocker would be more than 

strong enough, I chose to remove some material to reduce its weight and add to the appearance. Material 

was removed from the front of the rockers to make the rocker resemble three wrenches connected end to 

end. Even with the material removed, and many stress concentrations added, the part still met the 

objective with a factor of safety of 3.4. The analysis of the final rocker design can be seen in Figure 42. 

 

Figure 42: Final Rocker Von Mises Stress and FOS Results  



39 

 

Next was to look at the connector link. Mockup bearings were made and inserted into the link. At one end 

of the link a fixture was placed on the inside race of both bearings. A force was applied to the inside race 

of the bearings on the other end of the link. This force was approximately equal to FL in equation 1b 

(FL≈1055lbf). Just like the rocker links the connector link is made from 6061-T6 aluminum and has a 

yield strength of 275 MPa. The results of the analysis showed that the connector link was also able to 

meet the design objectives with a factor of safety value of approximately 3.5, see Figure 43. The results 

made sense with the weakest section located near the lightening hole, which is at the thinnest section in 

the middle of the link. 

 

Figure 43: Connector Link FOS Results 

The last parts to test was the pivot bolts located in the connector link. Most full suspension mountain bike 

utilizes custom made aluminum hardware for the suspension pivots for weight savings. To attach the 

connector link to the rocker links and rear triangle two long bolts will need to be made. An example of a 

professional quality linkage bolt can be seen in Figure 44. This style of bolt has a flange at one end with a 

cutout for an Allen wrench and the other side is threaded for a large washer and bolt. Due to the time-

consuming process of machining a bolt of this type it was chosen not to include the built-in flange at one 

end and to have both ends use a washer and bolt. 

 

Figure 44: Example of Production Linkage Bolt 
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Each connector link bolt has a diameter of 10mm and a length of 52mm. The first design was made of 

6061-T6 aluminum and had a hollow center with a 5mm wall thickness. Figure 45 displays the location of 

the two bolts. Spacers will be added in-between the connector link and the rockers to prevent side to side 

motion of the connector link. Each bolt is supported at its ends with 6mm of contact area, the thickness of 

rocker and seat stay mount, and subjected to the connector link force (FL).  

 

Figure 45: Location of Linkage Bolts 

To simplify the analysis all the links were removed leaving only the bolt and the two bearings. A fixture 

was added to the contact area at each end of the bolt. A no penetration component contact was added 

between the bearings and the bolt. This type of contact will allow the parts to move such that surfaces 

contact each other, it will calculate the reaction forces as a result.  Force from the connector link 

(FL≈1055lbf) was then applied to the bearings. Figure 46 shows the factor of safety results for the hollow 

6061 aluminum bolt, which gave an approximate value of 1.57. Although this design did have a FOS over 

1, representing the part did not fail, it did not meet the design objective to have a FOS at or above 3. To 

double check the Von Mises stress values and safery factor from the SolidWorks FEA both values were 

also calculated by hand and resulted in a silghtly lower safety factor of aproximatly 1.4. These 

calculations including the shear, moment, slope, and deflection diagrams can be seen in the appendix.  

 

Figure 46: Hollow 6061-T6 Aluminum Connector Link Bolt FOS Results 

Several other configurations were explored including removing the hollow section and changing the 

material. It was found that if an alloy steel bolt, such as a class 12.9, was used the FOS met the design 

requirements with an approximate minimum FOS value of 4. Results for the steel bolt stress analysis can 

be seen in Figure 47. 
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Figure 47: Solid Alloy Steel Connector Link Bolt Von Mises Stress Results 

The results showed that the aluminum bolt had a greater potential of failing than the steel bolt. However, 

the addition of steel hardware would increase the weight of the bike. It was decided to manufacture both 

the aluminum and steel hardware to test in the final prototype. With the aluminum bolts installed the 

prototype was ridden approximately twice a week for approximately four weeks, this time even included 

participating in an enduro race. After this time the linkage was disassembled and the hardware was 

examined. Figure 48 shows the bent aluminum bolt removed from between the rockers and the connector 

link. The bolt between the seat stay and connector link was also bent. This small amount of bending helps 

to display that the real-life forces are similar to the calculated forces used in the analysis. When the bike 

was reassembled the steel bolts were installed. After even more seat time than in the aluminum bolt 

testing period the steel bolts have yet to show any signs of yielding. 

 

Figure 48: Bent Hollow 6061-T6 Linkage Bolt 

 

2.6.6 Prototype Design  

The methods used on the prototype do not represent the most efficient or accurate way to manufacture a 

full suspension mountain bike. Tubing miters should be machine cut and a heavy-duty frame jig needs to 

be used to maintain dimensional tolerances. All manufacturing decisions seen below were chosen because 

of limited time and resources; the bike was built while undergoing a full course load. 
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After the 3D model of the bike was complete I had to figure out a way to design a simple and low-cost 

frame jig. The rendering of the final bike model and the frame jig can be seen in Figure 49. 

 

Figure 49: Render of the Final bike and Frame Jig 

The solution found was to use an MDF board as a base and then use laser cut wooden blocks as well as 

3D printed parts to fixture the tubes to the base. Each frame block was made from gluing together several 

pieced of 1/4" plywood laser cut into the required shapes. They were all labeled to be sure no confusion 

would occur. The fixture blocks can be seen in Figure 50.   

 

Figure 50: Fixture Block Assembly 

Next the frame was sketched onto the MDF board using the dimensions from the SolidWorks model and 

the blocks were glued into place, see Figure 51. 
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Figure 51: Frame Sketch and Block Fixturing 

3D printed jigs were used to fixture several components, such as the bottom bracket housing and the head 

tube which can be seen in Figure 52. 

 

 

Figure 52: 3D Printed Head Tube Jig 

Once the frame jig was complete the frame tubes had to be cut and mitered. This was done with the help 

of the CAD software. Each frame tube was saved as its own part and converted into a sheet metal part, 

allowing the tube to be "unrolled" and then used as a flat template. Each tube miter template was 

transferred to painters’ tape for a more secure bond to the tube.  
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Figure 53: Tube Miter Templates 

The templates were transferred to the tubes and then cut and mitered. This took an extremely long time to 

get the close fit up required for welding, if only I had a tubing notcher. This process can be seen in Figure 

54. 

 

Figure 54: Cutting tube miters 

The seat tube was made from two different wall thickness tubing. A thicker wall tubing was selected for 

the bottom and top of the seat tube because of the suspension pivot and the seat clamp. By turning the 

ends of the seat tube down in the lathe they were able to be inserted into a thinner wall tubing. This 

allowed the middle of the seat tube to be lightweight while retaining a high strength where required, see 

Figure 55.  
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Figure 55: Seat Tube Manufacturing 

With all the tubes mitered they were placed into the jig and tack welded, see Figure 56. After tack 

welding in several places the frame was removed from the jig and fully welded. This was carefully done 

with a tig welder using a stainless steel filler rod designed for bicycle frames. Only small sections were 

welded at a time to avoid excessive warping. 

 

Figure 56: Positioning Frame Tubes into the jig    

To accurately machine the suspension pivot points the frame was secured to a Bridgeport milling machine 

and the holes were drilled according to the coordinates from the 2D sketch, seen in Figure 57. The fully 

machined and welded front triangle is seen in Figure 58. 
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Figure 57: Pivot Hole Machining 

 

Figure 58: Fully machined and welded front triangle 

Now that the front triangle was complete the next step was to manufacture the rear triangle. The same 

process as the front was followed. Create a jig in CAD software, build the jig, miter the tubes, and weld. 

The suspension pivot bearing mount was made from a few small sections of tubing welded together and 

then using a pinch bolt to secure the bearing. The process of manufacturing the rear triangle can be seen 

in Figure 59 – Figure 62. 
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Figure 59: Rear Triangle Jig CAD Model 

 

Figure 60: Rear Triangle Pivot Tubes and Bearing Cup 

 

 

Figure 61: Tack Welding Lower Section of Rear Triangle 
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Figure 62: Rear Triangle Welding 

Next was to machine the shock linkage. These components were made using 6061-T6 aluminum. Both 

components were designed to be relatively easy to manufacture. The Rockers only required one operation 

followed by a light cleaning to remove the tabs. The connector link required two operations because of 

the bearing seats. Both links can be seen in Figure 63. 

 

 

Figure 63: Connector and Rocker Links 
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Figure 64: First Assembly 

 

Figure 65: Complete Bike, First Ride 
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Figure 66: Final Assembly 

 

Figure 67: Final Assembly 
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Figure 68: Final Assembly 

 Future Recommendations 

The most important recommendation is regarding to the bending of the linkage hardware. As previously 

mentioned, there are many production mountain bikes that use aluminum hardware for their suspension 

linkages. The need for all steel hardware is not a product of the aluminum bolt not being strong enough 

but rather a flaw in the linkage design. The main issue in the linkage is that it produces a large bending 

moment on the two connecting link bolts. Both the rockers and the seat stay mounts are spaced far away 

from the connector link, requiring spacers to fill the gaps. Since the two rocker links need be far enough 

apart to mount to the frame tube there was a large distance between where the bolts were fixtured and 

where the force was applied. Each bolt could be considered as two cantilevered beams sitting side by side, 

see Figure 69. In a cantilevered beam the critical section will be located at its base, at the rocker in the 

connector link/rocker bolt and at the bearing face in the connector link/seat stay mount bolt.  

 

Figure 69: Linkage Bolt Bending Diagram 
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One solution to this problem would be to minimize the distance between the applied force and fixture 

location with a new rocker link design. Removing the additional space would decrease the bending 

moment on the bolt, decreasing the Von Mises Stress value. In the final design the rocker link was 

manufactured from a flat plate to simplify the machining process. When the rockers were attached to the 

frame the connection points were spaced far away from the connector link. The connector link could have 

been made wider, but this would have caused an unnecessary increase in weight. A model of the final 

rocker design and a model of an improved rocker design can be seen in Figure 70. The improved design 

includes a bent rocker link that allows the rockers to closely attach to the frame tube as well as the 

connector link and the shock. A new connector link in a “y” shape was made to reduce the space between 

the connector link and the seat stay mounts, which needed to stay a certain distance apart to be installed 

around the seat tube. Instead of using one long bolt to fasten the connector link to the seat say mounts the 

new design would utilize two bolts to fasten the connector link to each seat stay mount. 

 

Figure 70: First Rocker Design and Improved Rocker Design 

Another recommendation would include designing and building a proper frame jig. Although the method 

used for the prototype did produce a ridable and reliable result the wood and plastic frame jig used was 

too compliant. During the welding process the cooling welds will tent to pull the tubes together and an 

extremely stiff jig is required to hold tolerances.  

 

 

 

 

Prototype 

Rocker Design 

Improved 

Rocker  Design 
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4 Appendix 
 

Linkage Bolt Stress Calculations: 

 

 

 



55 

 

 

 



56 

 

 

 



57 

 

 



58 

 

 


