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Abstract 
FACTOR 001 is the result of a creative project by BERU f1systems to explore the transfer 
of design approaches, technology and materials from Formula One to a groundbreaking 
training bicycle. The design brief did not require the bicycle to comply with existing technical 
regulations, which resulted in great freedom during the design process. This paper details 
how OptiStruct Optimisation tools were used to help generate efficient lightweight solutions 
for the design of complex carbon fibre components. Free-size optimisation was used to 
generate laminate boundaries, ply thicknesses and fibre directions, which met stress and 
displacement requirements. Physical testing carried out on manufactured parts highlighted 
the accuracy of the FE models and demonstrated the advantages of incorporating 
OptiStruct Optimisation tools in the design process. 
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1.0 Introduction 
The FACTOR 001 project involved starting from a clean sheet to design an advanced 
training bicycle. The bicycle had to be as light, safe and comfortable as existing road bikes 
on the market while containing all the additional data logging equipment required to make 
FACTOR 001 a scientific training tool. As the bike was designed for training purposes, it did 
not need to comply with regulations set by the governing body for world cycling - UCI (Union 
Cycliste Internationale). The lack of design restrictions paired with the use of motorsport 
grade materials resulted in great flexibility in the design process. The majority of the bikes 
components were required to be original in order to demonstrate the full range of the 
companies design capabilities [1]. 
 
Because of the time constraints involved, advanced FE modelling played an important role 
in the design process. While the use of composites allows material to be added efficiently, it 
is important to have a full understanding of the load paths in the component. Composite 
optimisation software helps to determine the most suitable location of laminate boundaries 
along with fibre directions and appropriate ply thicknesses. 
 
Free-size optimisation parameters such as responses, constraints and objectives are all 
defined in the HyperMesh pre-processor. Loads on the scale of those applied by 
professional cyclists were used to establish suitable load cases for components on the bike. 
Deflections and stresses were constrained to a predefined level with the objective of 
reducing the mass of the part. 
 
HyperWorks Optimisation tools proved to be very useful in the design of both the bicycle 
frame and cranks. Parameters such as the number of plies in a given direction and the 
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position of patches were optimised during their development. This paper details the process 
used in the optimisation of these components. 
 

 
 

Figure 1: FACTOR 001 
 
 
2.0 Design Optimisation Method 
 
2.1 Introduction 
 
Design optimisation is carried out using the following steps: 
 
Free-size: Free-size optimisation allows design variables (e.g. ply thickness) to 

change for each individual element in the model. Free-size results 
cannot be used to determine exactly how the component will be 
manufactured because of the freedom of all elements to change 
individually. 

 
Interpretation: Results from free-size optimisation are interpreted so that a 

manufacturable solution can be generated. The location of laminate 
boundaries and ply drop-off areas can be determined from these 
results. 

 
Size: Elements are grouped into patches defined by the location of 

laminate boundaries in order to carry out size optimisation. Each 
patch is assigned its own unique set of properties. The ply 
thicknesses and orientations for a manufacturable solution are 
extracted from size optimisation results. 

 
 
Both free-size and size optimisation problems are set up in OptiStruct by defining the 
following parameters: 
 
Design variable: The design variable is the parameter that is free to change during an 

optimisation so that objectives can be fulfilled without violating 
constraints e.g. element or ply thickness. 
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Response: Structural response to be measured at each iteration. Responses can 
include mass or volume of the structure, displacement at nodes and 
composite failure index. 

Constraint: Constraints are used in order to ensure that structural responses are 
held at or under predefined limits. Typical constraints involve 
restricting the displacement of individual nodes and ensuring that 
composite failure does not occur. 

Objective: The objective of the optimisation study can consist of either 
minimising or maximising structural responses. Minimising mass and 
compliance are typical objectives in design optimisation. 

 
2.2 Composite Free-size Optimisation 
 
Free-size and topology optimisation techniques are available for use with shell elements. 
Topology optimisation works by targeting a discrete final solution for thickness of an 
element (T0 or T). Topology optimisation is useful when working with parts that are to be 
manufactured from sheet metal because of their uniform thickness. Free-size optimisation 
allows element thickness to vary freely between predefined limits T and T0. This is very 
useful when working with composites as it can help to define laminate boundaries and ply 
drop off areas. The thickness of each element is varied independently without having to 
define different regions within the model. 
 

 
 

Figure 2: Thickness Variation Across Shell Element [2] 
 
 
When using composite elements, the thickness of each individual ply can be optimised. 
Laminates are defined in what is known as a super-ply stack. A super-ply consists of all the 
plies in a laminate, which are oriented in the same direction. Stacking sequence can be 
ignored during a free-sizing optimisation through the use of the smear option when defining 
laminates. Smearing a laminate has the effect of splitting the plies into infinitely thin slices 
and then shuffling the slices throughout the element so that the element also has uniform 
stiffness through its thickness [3]. Figure 3 illustrates this process. 
 

    
 

Figure 3: Super-Ply and Smear Formulation [2] 
 
Manufacturing constraints can also be included in the free-size optimisation. These 
constraints include upper and lower bounds on total laminate thickness and individual 
orientation thickness. The thickness of ± plies can also be balanced in order to prevent 
distortion of the laminate during the curing process. Stress or failure constraints are not 
available for free-size optimisation. 
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2.3 Composite Size Optimisation 
 
The results of a free-size optimisation require interpretation in order to determine the 
location of laminate boundaries. However, as each element in the model is optimised 
independently in free-size studies, the results cannot be used to determine the final lay up 
of the component. Composite size optimisation allows elements to be grouped in to 
patches, which are then optimised as a group. The results from a size optimisation study 
can be used to generate a manufacturable solution. Figure 4 illustrates the difference 
between free-size and size optimisation studies. Figure 4(a) highlights the fact that each 
element is optimised independently in free-size studies although setting up the model only 
requires assigning a single property to all elements. Figure 4(b) shows the elements of a 
component grouped into a number of patches for size optimisation. 
 

   
 

Figure 4: Representation of (a) Free-size Optimisation & (b) Size Optimisation 
 
 
3.0 Application of Design Optimisation 
 
3.1 Free-size Optimisation 
 
A number of components on the bicycle were optimised using OptiStruct v9.0. These 
included the frame and cranks. The same procedure was used to set up each free-size 
optimisation problem. Appropriate loads and boundary conditions were applied to the parts. 
Responses were defined in order to measure the mass of the component as well as 
displacements of nodes under different load cases. Constraints were used to prevent 
displacement of nodes becoming too large so that the stiffness of the components could be 
controlled. The objective for each optimisation study was to reduce the mass of the 
component while ensuring none of the constraints were violated. 
 
Figure 5 below shows meshes of the bicycle frame and both cranks, which were used in 
order to carry out free-size optimisation. A combination of QUAD4 and TRIA3 shell 
elements were used to mesh all composite components. The PCOMPG property card was 
used to define composite laminates. All shell elements were assigned four super-ply layers 
with the following orientations: 0°, +45°, -45° and 90°. The smear option was used to ignore 
the effect of stacking sequence.  
 
The free-size optimisation study was set up as follows: 
 
Design variables: Thickness of plies in the 0°, +45°, -45° and 90° directions for 

each element. 
 
Constraints: Displacements of a number of nodes were constrained to a 

predefined limit so that the stiffness of the components could 
be achieved. 

 
Objective:  Minimise mass of components. 
 
Manufacturing constraints: The models were set up so that the thickness of the +45° plies 

was the same as the -45° plies. 
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Figure 5: Meshes of Frame, Right-hand Crank (top right), 
Left-hand Crank (bottom right) 

 
3.2 Size Optimisation 
 
Having interpreted the results of the free-size optimisation, the next step involved making 
the components manufacturable. The size optimisation study was set up using similar 
parameters to the free-size optimisation: 
 
Design variables: Thickness of plies in the 0°, +45°, -45° and 90° directions for 

each patch. 
 
Constraints: Displacements of a number of nodes were constrained to a 

predefined limit so that the stiffness of the components could 
be achieved. Failure constraints were also added. 

Objective:  Minimise mass of components. 
 
Manufacturing constraints: The models were set up so that the thickness of the +45° plies 

was the same as the -45° plies. 
 
The following table lists the 6 smeared plies contained in each patch: 
 

Ply No. Material Orientation Design Variable 
1 Woven 0°/90° None 
2 Woven ±45° None 
3 Uni-directional 0° Thickness t1 
4 Uni-directional +45° Thickness t2 
5 Uni-directional -45° Thickness t2 
6 Uni-directional 90° Thickness t3 

 
The purpose of the two woven plies was to provide a global QI stiffness to the parts as well 
as creating an aesthetically pleasing outer surface. Design variables were defined for the 
uni-directional ply thickness while woven ply thickness was kept to a value of a single ply. In 
order to ensure that there was an equal number of +45° and -45° plies, the same design 
variable was applied to each super ply for each patch. 
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4.0 Cranks 
 
4.1 Free-size Optimisation 
 
The most severe load case experienced by bicycle cranks is when the rider performs a 
standing start, loading up to 300kg with the crank pointing straight ahead. It is important that 
the cranks feel stiff in torsion as well as bending while also remaining as light as possible. A 
crank that is flexible in torsion causes the riders foot to roll away from the bike when under 
load. Figure 6 below illustrates the torsional and bending components of displacement of 
the left-hand crank. A second important load case to be applied to bicycle cranks is when 
the crank is in a vertical position. This load replicates the mass of a rider on the pedal with 
the crank pointing straight down. 
 
The difference between the two cranks is the way in which loads are reacted. In the case of 
the left-hand crank, all forces go through the splined hole for the spindle. For loading of the 
right-hand crank, the forces go to the five bolts attached to the chain ring. 
 

   θt 

θb 

 
Figure 6: Left-hand Crank in Torsion and Bending 

 
The results of free size optimisation of the left and right-hand cranks are illustrated in 
Figure 7 below. The 0° direction vector runs along the length of both cranks. The results of 
both simulations are quite similar in that the majority of 0° plies are found on the upper and 
lower faces of the crank as the bending component with the majority of ±45° plies appearing 
on the side faces in order to resist the torsion component. 

 
Figure 7: Free-size Optimisation Results for Left and Right-hand Cranks 
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Ply thickness 0° (top), ±45° (centre) and 90° (bottom) 



 
The interpretation of both free-size optimisation results is shown in Figure 8 below. A total 
of 3 patches are defined for each crank. The free-size results showed that there is a 
requirement for reinforcement along the length of the crank on the upper and lower faces. 
Therefore, these regions have been assigned a single patch.  

 
Figure 8: Interpretation of Left and Right-hand Crank Laminate Boundaries 

 
4.2 Size Optimisation 
 
A total of nine design variables were defined for the size optimisation study: three variables 
per patch for all three patches. The increase in mass as a result of interpretation of free-size 
results is 9.6% for the left-hand crank and 14.3% for the right-hand crank. The patches 
could be broken down further in size to further reduce mass. 

 
Figure 9: Size Optimisation Results for Left and Right-hand Cranks 

Ply thickness 0° (top), ±45° (centre) and 90° (bottom) 
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5.0 Frame 
 
5.1 Free-size Optimisation 
 
The FE model of the frame was loaded so that vertical compliance and lateral stiffness 
could be optimised. Lateral deflection load cases involved constraining the bottom bracket 
in all directions and applying loads in the location of the wheel hub centre. Riding loads 
were applied by constraining the hub centres in all directions and applying loads at the seat-
tube to simulate the mass of the rider, at the bottom bracket to simulate pedalling force and 
at the head-tube to replicate handlebar loads. The results of the free-size optimisation 
carried out on the frame are shown in Figure 11 below. It is clear from the images that the 
majority of material is required in the 0° direction and very little is required in the 90° 
direction, as the 0° direction vector runs parallel to all tubes. It can also be noted that the 
region of the head-tube has a greater number of ±45° plies, where the 0° vector is defined 
along the length of the head-tube instead of through the top-tube and down-tube separately. 
Greater care can then be used in defining the 0° vector for the size optimisation study. 
 

 

Top Tube 

Seat Tube Head Tube 

Chain Stays 
Down Tube 

Bottom Bracket 

 
Figure 10: Bicycle Frame Components 

 
 

© Altair Engineering 2009 Application of Optimisation Tools to the Design of 18-8 
Advanced Carbon Fibre Bicycle: FACTOR 001 



 
Figure 11: Free-size Optimisation Results for Frame 

Ply thickness 0° (top left), +45° (top right), -45° (bottom left) and 90° (bottom right) 
 
Figure 12 below illustrates how the results of the free-size optimisation were interpreted in 
order to generate laminate patches. The patch at the front of the top-tube is extended to the 
top half of the head-tube while the patch at the top of the down-tube is extended to the 
bottom of the head-tube. In order to reduce the mass of the frame, a total of 12 patches are 
added to provide local reinforcement. 
 

 
 

Figure 12: Interpretation of Frame Laminate Boundaries 
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5.2 Size Optimisation 
 
A total of 36 design variables were defined for the size optimisation study: three variables 
per patch for all 12 patches. As expected, the results from the size optimisation study are 
similar to those achieved through free-size but the solution is now a manufacturable one. 
The increase in mass as a result of interpretation of free-size results is 9.6%. Increasing the 
complexity of the lay-up could produce an even lighter solution but would have an adverse 
affect on the cost to manufacture. 
 
 

 
 

Figure 13: Size Optimisation Results for Frame 
Ply thickness 0° (top left), +45° (top right), -45° (bottom left) and 90° (bottom right) 
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6.0 Conclusion 
The design of FACTOR 001 was assisted by the use of Altair HyperWorks suite of 
composite optimisation tools. Free-size optimisation was carried out on composite 
components, such as the bicycle frame and lightweight cranks, in order to reduce weight 
while maintaining the required level of stiffness. The lateral stiffness and vertical compliance 
of the frame under riding loads along with the stiffness of the cranks in torsion and bending 
was studied. 
 
The super ply concept was used along with the smearing formulation in order to create a 
laminate containing four plies oriented in 0°, +45°, -45° and 90° directions. Manufacturing 
constraints were applied in order to ensure that an equal number of +45° and -45° plies 
were present in a laminate in order to prevent distortion of the component in the curing 
process. 
 
Laminate boundaries were interpreted from the free-size results in order to generate a 
manufacturable solution. As a result, elements on the frame were grouped into 12 patches 
and elements on the cranks were grouped into three patches. 
 
A laminate containing six plies was defined for each patch in order to carry out size 
optimisation of the components. Two woven plies were defined with fixed thickness while 
the same four uni-directional plies, as used for free-size optimisation, were defined with 
variable thicknesses. Only three design variables were defined because of manufacturing 
constraints placed on the +45° and -45° plies. Size optimisation produced results 
approximately 10% heavier than free-size but the result is a manufacturable one.  
 
Composite optimisation tools played a very important role in the design of FACTOR 001 
and will continue to do so for future generations of the bicycle. An area where optimisation 
tools could be of major benefit is in future wheel design. With a full understanding of the 
load cases, topology optimisation could be used to determine spoke shape and quantity. 
The interpreted geometry could then be used to carry out the same composite optimisation 
techniques as used on the frame and cranks. 
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	The free-size optimisation study was set up as follows:



