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1. Introduction 
The project brief is to design a lightweight 
frame for a 2-person tandem bicycle. This 
frame should meet the criteria of having a 
natural resonant frequency of over 30Hz 
to avoid discomfort to the user due to 
whole body vibrations, and also have a 
lifespan of at least 10 years (which is 
equivalent to 1 million loading cycles). An 
iteration of the original frame design is to 
be made in order to improve the natural 
frequency. The frames should be tested 
for fatigue life. The two aluminium frames 
should then also be tested with titanium as 
the material and the analysis should be 
repeated. The frame size has a number of 
constraints, including a length of between 
1.5 to 2 metres, seat joint height of 
800mm and should accommodate wheels 
of 26-inch diameter. Welds of 5mm fillets 
will be used to join the tubes. 

The initial sketch of the frame, using 
production tandem dimensions[1] wheels 
were included to help visualise and 
dimension the tubing around them 

 
2. Methods 

2.1 Methodology 
The first design will start with the most 
lightweight frame. Current frames are 
around 4 kg[2] so for this study to be 
realistic, the mass should not be much 
larger than this. As well as this, the 
average wall thicknesses for aluminium 
bike tubing’s are around 0.8 - 1mm[3] (any 

larger is unrealistic) and the average 
diameter of the tubes are around 38mm[4]. 
The second iteration will then aim to 
increase the resonant frequency 
compared to the initial design. 

 

2.2 Assumptions 
As finite element analysis simulations can 
never exactly replicate real life 
environments, a number of assumptions 
had to be made. It was assumed that the 
material had no imperfections which would 
in reality affect the structural integrity of 
the frame. As well as this, it was assumed 
that all the joints were perfect and that 
there was no damage caused to the frame 
material by external (weather etc) effects. 
In reality there would be stress 
concentrations at the gain boundary 
between the weld and frame as seen in 
the diagram below. 

Diagram showing the imperfections in weld 
joints[5] 

 

It was also assumed that the stress from 
the users were the main cause of fatigue 
and frequency, so drag forces and heat 
stress and other external forces were 
ignored. The weight of the cyclists is also 
unlikely to be evenly distributed, and the 
force on the pedals in reality would not be 
constant as we have assumed. 
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2.3 Boundary conditions 
There were two parts of the bike that were 
fixed. The inner surface of the fork shell 
was rigidly fixed meaning that it had zero 
degrees of freedom. The rear wheel 
bearings are fixed as hinges so that they 
had only one degree of freedom and could 
rotate about their axis. 

Above image showing the fixed shell, and 
below showing the rear wheel bearing which 
can rotate about its axis 

 

 

2.4 Applying Loads 

There were two types of loads. The force 
from the two riders of 150kg mass each 
was multiplied by the value of gravity 
(9.81) to give a force of 2943N. This acted 
as a vertical dead load on the two tubes 
that the 150mm long seat posts would be 
attached to. This force was applied to the 
two posts combined. The second forces 
that oscillated between 0 and 750N were 
the pedal forces which acted 200mm 
forward and 100mm sideways from the 
front and rear crank shells. The remote 

load forces had to use coordinate systems 
on each of the shells and acted vertically 
downwards. 

The vertical force is applied 15mm into the 
tube, which is the length that a seat post is 
inserted into a bike on average [6]  

Remote load force was applied to the 
crankshaft, and the front and rear pedals are 
in sync with each other due to the chain 
connecting them on the bike  

 

2.5 Fatigue Simulation 
The aim of the fatigue study was to see 
which parts of the bike were damaged the 
most after the 1 million cycles which is 
equivalent to a lifetime of 10 years, and 
also to find the lifetime of the frame design 
in number of cycles which depends on the 
material properties as well as the stress 
fluctuations. The frame is constructed from 
Aluminium 7075-T6 which was assumed 
to be ductile. Titanium Grade 9 which is 
commonly used for bike frames[7] was 
used and as this data wasn’t in Solidworks 
it had to be inputted as a new material. By 
using values from multiple sources[7][8][9][10], 
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it improved reliability. Titanium alloy is also 
considered to be ductile. Therefore, 
Gerber mean stress correction method 
can be used for the mean stress 
correction as the S-N curves in Solidworks 
are only for R = -1:  

 

 

This shows the S-N curve for titanium that 
had to be manually inputted, along with 
titanium property values[7] 

As there is the constant force of the user 
applied, while also the oscillating load of 
the pedals, then the stress ratio is larger 
than 0.  

𝑅𝑅 =  
𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚

𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚
 

 

Due to the principle of superposition, the 
constant stress caused by the passengers 
can be added which causes an increase in 
the base stress fluctuations. ‘Find cycle 
peaks’ method is used as this takes the 
maximum oscillating stress plus the 
constant dead load and then the minimum 
oscillating stress plus the constant dead 
load and combines them in a single event 
to find the worst case for fatigue. 

 

2.6 Frequency Simulation 
For the frequency simulation, the constant 
force of 2943 N was applied to the top two 
posts as well as the two 750N forces on 
one side of both pedals crank shells. The 
pedal force on the other side does not 
need to be analysed as the bike frame is 
symmetrical. This simulation was also 
done with only the dead load to simulate 

the user only sitting on the bike, but it was 
found that both tests gave frequencies 
with negligible differences (< x10-1).  
Tensile loads are known to increase the 
resonant frequency while compressive 
loads will reduce it. ‘Direct sparse solver’ 
was used as this solves equations directly 
instead of approximating meaning there is 
no error is the calculations. 

 

3. Results 
3.1 Mesh Refinement 
Getting the right type and size of mesh is 
crucial in order to be able to run studies 
quickly and accurately. Initially, standard 
mesh was used, with mesh control applied 
to the area with stress concentrations. 
This approach was slow and failed for 
mesh sizes larger than 7mm as this mesh 
cannot adapt to the different geometries of 
the frame such as the sharp edges due to 
the high aspect ratios. I therefore decided 
to use blended curved mesh as it adapts 
to the different regions of the model using 
an algorithm and adds more elements in 
areas that require more detail. This is also 
why this mesh is quicker to simulate. I 
began with a maximum element size of 
15mm and minimum size of 3mm. This 
mesh size was then refined as seen in the 
graph to show how the maximum and 
minimum element size affects the Von 
Misus stress (which is used in fatigue 
analysis for ductile materials). 

 

Graph showing that after the maximum 
element size is less than 5mm, there is 
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negligible stress change, so this was used 
(with minimum element size of 1mm) 

Once the mesh size was refined and was 
accurate, a static study was run to locate 
the areas of high stress concentration. 
The highest area was around where the 
force was applied on the seat joints. This 
made logical sense as the walls are only 
0.8mm thick which is less than the welded 
joints and the shells, meaning the area 
where the force was directly applied to on 
these tubes came under the largest stress. 

For the second iteration, the mesh setup 
was identical, as it was a similar structure 
and for the mesh control it was found that 
the same locations came under the 
highest stress. 

 

Above showing the before and after effect 
from mesh control, which helps pinpoint and 
give a more accurate reading of stress. Below 
shows where the mesh control was applied 
to. 

3.2 Original Design Results 
The original design as mentioned, had a 
wall thickness of 0.8mm and external 
diameter of 38mm, with 36mm diameter 
tubes used for the ‘chain stay’ and ‘seat 

stay’ tubes. This made it extremely 
lightweight at 3.82kg, in line with current 
aluminium frames on the market. 

3.2.1 Frequency Study 1 
The bike performed well in this study. It’s 
mode shape 1 value was 49.51Hz, which 
is far above the required 30Hz. From the 
diagram, the areas in red are most 
affected. It can be seen that this is around 
the crankshaft where there are long 
members which cause resonance at the 
antinodes. This could be reduced by 
adding extra structural members which 
would reduce torsional stress and prevent 
motion. 

Frequency study visual of the first aluminium 
design 

3.2.2 Fatigue Study 1 
For this original design, when the fatigue 
study was run, the alternating stress was 
below the S-N curve fatigue limit. This 
gave a lifetime of 40 million cycles. A 
diagram showing the regions of higher 
damage can be seen. 

   

Showing the symmetry of the damage on the 
frame, and where the higher damage areas 
are located (red colour) 
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This shows the overall areas of higher 
damage 

This fatigue analysis showed that the bike 
fulfilled the 1 million cycles, and it has the 
maximum lifespan of 40 million cycles. As 
the Von Misus stress was used (due to 
ductile material) this was less than the 
yield stress, so the material didn’t fail 
initially in the static study.  

 

The areas that are highlighted in red could 
develop microscopic cracks over a longer 
period of time, so increasing the wall 
thickness could be a solution to minimise 
this issue even if the design already fulfils 
the lifespan. 

 

3.3 Iterated Design Results 
The second design had a thicker wall of 
1mm, while keeping the external diameter 
the same at 38mm. A diagonal member 
connecting the rear pedal crankshaft and 
the front steering shell was also added. 
This resulted in a new weight of 5.40kg, 
which is an increase of 41% compared to 
the original, but still reasonable compared 
to other frames on the market. 

3.3.1 Frequency Study 2 
Using the same mesh and loading and 
boundary conditions, the second frame 
design was simulated. It was found that 
the resonant frequency increased to 
60.63Hz, an increase of 22%. This is likely 
due to the structural member, but also the 
thicker walls of the bike. This gives a 
larger cross section area and therefore as 

stiffness increases with area[11], the natural 
frequency will increase. 

𝑘𝑘𝑚𝑚 = 𝐸𝐸
𝜋𝜋
4 �
𝑑𝑑𝑜𝑜

2 − 𝑑𝑑𝑚𝑚
2� 

√𝑘𝑘  ∝  𝜔𝜔 

 

Iterated design with higher resonant 
frequency. 

3.3.2 Fatigue Study 2 
The second fatigue study gave the same 
maximum lifespan of 40 million cycles as 
the stress is always below the S-N curve. 
From the damage visual it can be seen 
that more of the damage is likely to occur 
on the main diagonal bar, but from the 
previous design, it shows the bike would 
still function if this diagonal bar were to be 
weakened over time. 

 
Damage visual of iterated design 

3.4.1 Frequency Study 1 
(Titanium) 
With more dense titanium now being used 
it was expected that the frequency would 



7 
 

decrease due to the equation linking mass 
and frequency: 

𝜔𝜔 = �𝑘𝑘
𝑚𝑚

 

As the structure is the same and only the 
material is changed, then the frequency 
will decrease as mass increases. The 
study gave a value of 47.3Hz compared to 
the 49.51Hz with aluminium. 

 
Frequency visual of original design with 
titanium as the material 

3.4.2 Fatigue Study 1 (Titanium) 
The fatigue study for titanium gives a 
lifespan of 100 million cycles and 
maximum damage of 1%. The areas of 
damage are almost identical to the 
aluminium study, due to the same 
structure. 

 
Damage visual of titanium original design 

3.5.1 Frequency Study 2 
(Titanium) 
The frequency for the second design with 
denser titanium again decreased to 
58.3Hz compared to the 60.63Hz with 
aluminium. 

 
Frequency visual of iterated titanium design 

3.5.2 Fatigue Study 2 (Titanium) 
Again, a similar damage visual of areas 
with higher damage, and a lifespan of 100 
million cycles was found. 

Damage visual of the iterated titanium 
design. 

 

3.6 Sanity Checks 
Validation of the fatigue studies were done 
using the static studies to check that they 
had a reasonable order of magnitude for 
Von Misus stress. 

The frequency and fatigue life results were 
checked against other online tandem 
frame papers to compare if certain 
methods and magnitudes were similar. 
This also helped validate the custom S-N 
curve for titanium. 

Multiples of each study were run, and new 
mesh was created to ensure that results 
were identical and demonstrated a 
successful, consistent mesh. 

Rather than just reporting results, the 
visual simulations were checked to see if 
there was the expected deformation 
according to FEA theory. The values used 
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for Grade 9 Titanium were cross checked 
with multiple other online sources to 
ensure reliability. 

 

4. Discussion 
4.1 Summary of Results 

Design Mass 
(kg) 

Material Resonant 
Frequency 
(Hz) 

Fatigue 
life 
(cycles) 

Original 3.82 Aluminium 49.51 4x107 
Iterated 5.40 Aluminium 60.63 4x107 
Original 6.10 Titanium 47.31 1x108 
Iterated 8.61 Titanium 58.27 1x108 

 
With the 4 different bike frames analysed, 
it can be seen that all of them met the 
frequency and fatigue life requirements. It 
was observed that the titanium was 
heavier, and gave overall lower 
frequencies than aluminium, but also 
produced a better fatigue life value. The 
iterated frame increased the frequency 
significantly for both materials, but also the 
mass of the bike. It has an increased 
frequency 102% higher than the 30Hz 
required and the fatigue life from 1 million 
cycles requirement has been increased by 
3900%. This bike has met the goal of 
increasing the resonant frequency but in 
reality, would not be used in industry as of 
its heavier weight. The original aluminium 
frame is the design that would most likely 
be used as it also far exceeds the design 
requirements but is also the most 
lightweight. 

4.2 Limitations 
A number of factors mean that the results 
found from the numerous studies are not 
accurate and limited. The first is that as 
the frame is an ideal scenario 
mathematical model, then a real-life frame 
will show a difference in its response. Due 
to the large number of nodes in the model, 
the mesh can only be so fine before it 
takes too long to compute results which 
limits the accuracy of results. A safety 
factor should be used to account for the 

lack of random imperfections in the model 
and this would be used by a manufacturer 
in industry. The jacobian points value 
could also be increased from 16 to 29 as 
this limits the evaluation of a volume 
integral at special points (such as very 
curved or sharp edges) inside the 
element. This is of course if the 
computational power allows. Other parts 
of the bike could also be modelled such as 
the wheels and the front forks, as well as 
including gravity to account for the force of 
the bikes weight. These could allow a 
more accurate application of boundary 
conditions. 

In reality, random occurrences that happen 
in real life such as dents and corrosion 
cannot be modelled 

The two bike designs, original at the top 
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