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1. Introduction 

The task set for students to complete was to design a lightweight tandem bike frame 

that could sustain operational and static loads expected from normal riding conditions. The 

finite element method was used modelling in Solidworks 2018, ensuring that the design met 

the following criteria set in the project brief: 

• the frame should be lightweight; 

• its design should be unisex; 

• its natural frequencies should be larger than 30Hz to avoid discomfort due to whole-

body vibrations; and 

• its effective life should be at least 10 years (one million loading cycles) 

 

Figure 1. Two-person tandem bike 
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2. Method: 

2.1 Dimensions: 

While the main geometry of the frame was left up to the student to design, there were 

some general restrictions that had to be met: 

• Frame length must be between 2-3 metres 

• Height of seat joints must be 0.8 metres from the ground 

• Wheel diameter is 0.66 metres (26 inches, typical wheel diameter of tandem bikes) 

The frame that was modelled therefore had to account for all these dimensions, as shown in 

figure 2. 

All blue construction lines shown in the figure above are based off the dimensions of a 2m 

tandem bike with 0.66m wheels. As shown the wheels fit on the frame and all criteria 

(circled in red) are met. The first iteration of the frame drew inspiration from a series of 

adapted tandem frame geometry drawings found online.  

 

2.2 Structural members and frame modelling 

When moving from a 2D sketch to a 3D model for the frame, 

the lines from the initial sketch had to be transformed into 

tubes using the Swept Boss/Base feature with Thin features to 

create wall thicknesses. The dimensions of these tubes were 

limited to having a maximum external diameter of 40mm and 

thickness of the walls of the tubes could be chosen in 0.5mm 

increments. A sketch of the initial tube profile is shown in figure 

3, with 40mm external diameter and 1.5mm thick walls. It was 

Figure 2 Initial frame sketch in 2D 

Figure 3. Original tube profile 
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also necessary to use the Swept Cut feature to remove 

parts of tubes that extended too far into junctions. 

Fillets of 10mm were applied at tube joints to simulate 

welds. 

 The crank shells had an external diameter of 

70mm, 10mm thickness and 100mm length. The fork 

shell had the same profile but was to be 200mm in 

length. 

 As we are designing a solid model, it would not 

be appropriate to create Structural Members based on 

custom profiles using the weldments feature, as Solidworks assumes uniform stress 

throughout the member. Instead, solid element analysis was performed to provide all 

components of the stress and strain tensors in each element.  

2.3 Material 

The main material applied for simulations is ductile Aluminium Alloy (7075-T6). Solidworks 

has the material properties for this aluminium alloy saved in its database, including values 

for the material’s elastic modulus and Poisson ratio. The constitutive matrix [E] is a function 

of these two values and is necessary to be able to compute the element stiffness matrix [k], 

and therefore the structure stiffness matrix [K], finally allowing for the computation of the 

nodal displacement and nodal forces. It was also stated in the brief that magnesium should 

also be applied to see how it would perform under the same loading conditions. The 

material was also assumed to be isotropic and homogenous with no initial imperfections. 

2.4 Boundary conditions and loading 

In order to simulate the loading conditions set in the brief it was necessary to generate two 

static studies, a frequency study and a fatigue study that uses the two static studies as 

events (simulating oscillating pedal loads). 

Static study 1: 

The first static study is used to analyse the maximum von Mises stress 

and displacement resulting from the force of each rider pressing on their 

left pedal, as well as the force on the seat joints due to their mass. The 

pedal force is simulated using a remote load that is 100mm sideways and 

200mm forward from the centre of the crank shell. The riders are 

assumed to weigh 100kg each and therefore exert a total force of 981N 

on the top of each seat joint, vertically (using ‘g’ as 9.81). Finally, the fork 

shell is set to fixed geometry and rear wheel bearing is fixed hinge, as 

you would expect with a real bicycle. These boundary conditions can be 

seen visualised in figure 5, with the forces shown by pink arrows and 

fixed geometries in green. 

 

Fork shell 

Figure 4. Sketches finally converted to 3D tubes 

Crank shell 

Figure 5. Static study 1 

Rider weight 
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Static study 2: 

The second static study has identical boundary conditions to the first, however the remote 

pedal loads are on the right-hand side of the crank shells instead of the left.  

Frequency study: 

The frequency study is run to check if the natural frequency of the bike frame is in the range 

of the excitation frequency (30Hz in this case). If the natural frequency is around 30Hz then 

resonance occurs, causing the amplitude of displacement to magnify greatly, resulting in 

catastrophic failure. For the frequency study only the remote loads on the pedals are 

applied as the structure is preloaded. However, when they are not applied the difference in 

frequency is less than 1Hz, so the load has minimal effect on the overall frequency. The 

weight of the riders is not included as they are not rigidly attached to the frame, so can be 

ignored for the frequency study. The ‘Direct sparse solver’ is used for the study as we are 

applying a load.  

Fatigue study: 

A fatigue study is run to see how the frame responds to an alternating stress. This is 

arguably the most important study as “fatigue contributes to approximately 90% of all 

mechanical service failures” [1]. The two studies that are used as ‘events’ are Static study 1 

and Static study 2 as described earlier. This simulates fluctuating stresses in the model, 

resulting in failure over time. The mean stress correction used is ‘Gerber’ as we are dealing 

with aluminium which is a ductile metal, and because the stress ratio is 0 (R=0). The type of 

study used was ‘Find peak cycles’ which uses the stress intensities predicted across all load 

cases to determine the maximum and minimum stress. The number of cycles was one 

million to simulate 10 years of use.  
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3. Results: 

3.1 Mesh refinement 

Selecting the correct mesh size is important when 

converting the solid model into individual tetrahedral 

elements in order to accurately simulate the conditions. To 

start, a fine global mesh size was chosen to see where stress 

concentrations were located, as shown in figure 6. A 

curvature-based mesh (max 10mm, min 2mm) was selected 

to better approximate complex geometries e.g. fillets. Then 

a mesh control was used to more accurately analyse areas 

displaying a higher von Mises stress (figure 7). Choosing a 

specific mesh control size was done by reducing the size until 

a mesh convergence was found, i.e. when the value for 

maximum stresses started to converge. A graph (figure 8) was 

plotted and maximum von Mises stress starts to converge 

around 1-3mm.  

The mesh runtime for 1mm 

mesh size was 98 seconds 

and for 3mm 17 seconds. 

Given that the reduced mesh 

size only changes the results 

by 1.3%, but the runtime is 

reduced by 83%, a value of 

3mm was chosen for mesh 

control for all static studies, 

as well as the frequency 

study, to reduce 

computational runtime. 

 

3.2 Aspect ratio 

When meshing it is also important to ensure that aspect ratio of 

elements is kept low, or as close to one as possible. Aspect ratio is 

defined as the ratio of the shortest length of the element to the 

longest length of the element. Illustrated in figure 9 is an example 

of two elements, one with a ratio close to 1 and another with a 

large ratio.  

Figure 6 Initial global mesh to highlight stresses 
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Figure 7 Mesh control in areas of high stress 

Figure 9 
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Once the global and control mesh was generated it was 

important to check the aspect ratio of the model. The mesh 

details (including aspect ratio) for the first iteration can be 

seen in figure 10. The maximum ratio is at 354.4 which is 

quite high, however when analysing with a probe it was 

found that the software struggled to model a complex 

geometry in an irrelevant area to the stress concentration, so 

does not greatly affect the accuracy of the model. The table 

also shows that 95.3% of the elements have an aspect ratio 

less than 10, and a further 25.1% have an aspect ratio less 

than 3, which is enough to yield accurate results. It was 

decided that it was not worth spending time to improve 

aspect ratio, but to keep it in mind when completing further 

iterations. 

3.2 Study results 

Static load 1 (left pedal remote load): 

The maximum von Mises stress of the first iteration was 

122MPa, visualised in figure 11. The yield strength of 

aluminium is 505MPa, therefore the first iteration 

passes the criteria, with a factor of safety of more than 

2. A plot for stress intensity was also created as it is 

more conservative to use the tresca criterion than von 

Mises when analysing material failure in ductile metails. 

Maximum stress intensity was found to be 140MPa, 

still much lower than the material’s yield strength. 

Static load 2 (right pedal remote load): 

Results for the second static study are almost identical to the first, as the frame is 

symmetrical, results for von Mises stress differ by 5% at most. 

Fatigue study: 

The results from the fatigue study on the first iteration show that the bicycle does not fail 

after 1,000,000 cycles alternating between maximum and minimum stresses from each 

static event input. The maximum damage is 2.5% and total life cycle (number of predicted 

cycles before failure) is 40,000,000+.  

Frequency study: 

The results from the frequency study on the first iteration show 

that the frequency of the first mode is 56.6Hz (figure 12), almost 

double the excitation frequency and therefore safely out of range 

in order to avoid resonance. The first five frequency modes can be 

seen in table 1. 

Figure 10. Mesh details 

Figure 11 Stress concentration on rear crank shell 

Figure 12 
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Table 1 

 

 

 

 

The values described in the studies above are for the first model iteration. Moving forward 

two changes were made to the model for the second and third iteration to improve 

performance. All three iterations as well as their full results can be seen below. Results for 

magnesium for the third iteration are also included in the table. 

Table 2. All study results 

Iteration 
no. 

Maximum 
von Mises 
(MPa) 

Maximum 
displacement 
(mm) 

Stress 
intensity 
(MPa) 

Fatigue life 
damage (%) 

Natural 
frequency 
(Hz) 

Maximum 
aspect ratio 

Percentage 
of elements 
with ratio 
<10 

Mass (kg) 

1 (Al) 118 3.96 136 2.5 56.6 354.4 95.3 4.69 

2 (Al) 103 3.8 115 2.5 60.8 350.95 95.3 5.37 

3 (Al) 63.2 2.21 70.6 2.5 64.7 235 99.9 8.91 

3 (Mg) 63.9 3.55 71.5 2.5 66 236 99.9 4.95 

 

3.3 Sanity checks 

In order to ensure that the results generated were accurate approximations of the 

simulated conditions, sanity checks were carried out. These included: 

• Checking displacement plot for maximum values in the correct order of magnitude 

(0-10mm) 

• Plotting aspect ratio to ensure a large majority of elements have low ratios (1-30) 

• Plotting jacobian ratio to ensure elements are not distorted 

Mode No. Frequency (Hertz) 

1 56.583 

2 84.018 

3 132.58 

4 183.43 

5 196.31 

Figure 13. Iteration 1 Figure 14. Iteration 2, addition of reinforcing tube 

Figure 15. Iteration 3, increasing tube thickness 
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4. Discussion: 

4.1 Justification of iteration decisions: 

From the first iteration it was found that the model passed all criteria. Therefore when 

continuing, drastic design changes to the frame were not necessary but instead small 

tweaks were made to try improve the results. 

4.1.1 Second iteration: 

After analysing the results from the second iteration, a stress concentration was found on 

the rear crank shell. An attempt was made to remove this stress concentration by adding a 

tube extending from the fork shell to the rear crank shell, reducing stress by 15MPa, while 

only increasing mass by 1.32kg. This stress reduction made no noticable change to the 

already very impressive fatigue life of the frame. The addition of the extra tube helped to 

redistribute the stresses to other areas of the frame which could be seen in the stress plot.  

4.1.2 Third iteration: 

An attempt was also made to increase the natural frequency of the 

frame. This was done by using equation 1 which relates natural 

frequency (ω), mass (m) and stiffness (k). As initially the tube thickness 

was only set to 1.5mm, it was thought that doubling this would largely 

increase stiffness, without a proportionally large change in mass. With 

thickness set to 3mm, the natural frequency increased by 4Hz, while 

also unexpectedly reducing maximum von Mises stress by almost 40%. 

4.2 Fatigue life: 

Across all iterations the fatigue life was very low at 2.5% and Solidworks approximated 

fatigue failure after 40million cycles. The reason for this can be explained using the S-N 

curve for aluminium. The level of allowable alternating stress (S) decreases as the number of 

cycles (N) increases, until eventually the curve asymptotically approaches a horizontal line. If 

your alternating stress is always below this value, known as the fatigue limit, then your 

model in theory should never fail. The S-N curve for aluminium is shown in figure 16, and 

has a fatigue limit around 135MPa, which is higher than the alternating stress input from 

the static studies.  

Equation 1 

Figure 16 

Fatigue limit 
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4.3 Aluminium vs Magnesium 

Table 3 

Metal 
Ultimate Tensile 
Strength (MPa) 

Density 
(kg/m^3) 

Strength to Weight 
Ratio (MPa/kg) 

Aluminium 503 2820 0.178 

Magnesium 220 1800 0.135 

 

Although magnesium performed similarly to aluminium in the static, fatigue and frequency 

studies, its tensile strength is less than half of aluminiums, greatly reducing the safety factor. 

Therefore magnesium would be less capable of dealing with an unexpectedly large load, 

while aluminium displays better material properties, specifically strength to weight ratio. 

4.4 Limitations of FEA theory 

There are a few known limitations of FEA that reduce the accuracy of the simulation results: 

• Modelling errors whereby the model created and the physical model have 

differences in geometry 

• Discretisation errors when using linear approximations to estimate continuous 

solutions, often resulting in high aspect ratios for elements approximating complex 

geometries 

• Numerical error due to computational limitations, sometimes a compromise 

between accuracy and computational power and runtime must be made 
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5. Conclusion 

Completing this task demonstrates the ability to accurately simulate a real life scenario 

using finite element analysis. In the case of the tandem bike frame, many assumptions had 

to be made in order to recreate realistic boundary conditions using the Solidworks software, 

while overcoming limitations in computer aided engineering. However this was completed 

successfully and the result is a feasible model that has undergone iterations and detailed 

analysis to fulfil the initial criteria.  
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