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Abstract: The use of optimisation software such as solidThinking Inspire has for a considerable time been 

applied in the aerospace industry. Design software such as Catia V5 is used to design for 
manufacture. This technical paper discusses the use of the optimisation and design software to 
optimise a bell crank from a Harrier T4 military aircraft and with focus on design goals such as 
strength to weight ratio and the outcome of decreased angular displacement. 

 
1.0      Introduction 

 
Achieving aggressive weight targets, strength, minimizing manufacturing time and cost have been 
aerospace engineering’s natural goals. Integration of advanced optimisation software such as 
solidThinking is a key process in ensuring a component is not over engineered. Achieving a lighter 
and more efficient component design is the key target. Various components of an aircraft such as 
brackets are optimised to help with manufacturing times and to overcome engineering design errors, 
this saves time and cost for engineering companies which maximises profits. The designs have to 
ensure they meet standards set by governing bodies such as the European Aviation Safety Agency 
(EASA) and the Society of Automotive Engineers (SAE). These design specifications can be factors of 
stiffness, stress and weight limits.  
 
The optimisation process for an aerospace component is typically a three phase design process. 
Firstly the optimisation software is used to provide an overall design with the correct load paths 
which the computer software calculates as achievable. Next Catia V5 is used until the design for 
manufacture has been achieved using the results from the first optimised design as an indication of 
what the finished design will look like. Finally Finite Element Analysis (FEA) is applied to ensure the 
design is capable of withstanding the loads expected of the part. This paper presents the use of 
solidThinking software and the use of Catia V5 to achieve an optimised design of the bell crank with 
the primary goals as design for manufacture, strength to weight ratio and minimizing cost.  
 
For the optimisation to be a success a target should be set, such as design for manufacture, strength 
to weight ratio or cost. The primary target is weight saving over the original design while increasing 
strength; this is achieved when selecting the type of design and applying the most suitable material. 
The aerospace industry is focused on improving every design and a considerable amount of time is 
spent on analysing efficient designs. Some of these designs have had manual optimisation applied to 
them. The use of FEA and optimisation software is still critical, as the aerospace industry faces strict 
new safety standards including research into new materials which are eco-friendly and advanced 
manufacturing methods such as 3D printing.  
 
This process has been used on various aircraft components including the optimisation of the Harrier 
bell crank. The design process demonstrates how an aircraft component begins its journey from the  
Initial proposal ensuring it satisfies design for manufacture, weight, strength and stress 
requirements. 
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2.0        Original design  
The bell crank belongs to a system of control rods which are linked to the control column in the 
Harrier T4. When the control column is moved, the control rod inputs this movement into a hydraulic 
unit which converts this small movement into a force which is displaced through a control column 
linked to the bell crank. The aileron control system incorporates two bell cranks however only one is 
connected to the hydraulic ram. The bell crank has to withstand both torsion and shear forces 
therefore the design is critical as a failure could lead to loss of aircraft control and worst case 
scenario leading to component failure.  The aileron control system (Figure 1) shows the locations of the 
bell cranks and how they are connected from the cockpit to both ailerons on the aircraft.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Harrier T4 aileron control system architecture, Bell cranks circled in red.    
(AP101B-0604-1B2 Chapter 10-10 Page 3 Fig.1) 

 
The original design construction is sheet metal, which incorporates two bearings as the point of 
rotation. Steel bushes are used at the ends of the bell crank; these are wear items and are 
interference fit on the bell crank and fixed onto the aileron control rods with the use of bolts. Anti-
friction/anti-seize lubrication is used to aid with free movement and to prevent the bolt from seizing 
in the steel bushes.  
 
This design and construction is period correct for the age of the Harrier T4 aircraft which is a 1970’s 
aircraft. It was designed to be easily repaired or manufactured in an emergency situation as the 
aircraft operates in a combat environment. Simplicity, cost effectiveness and the capability of 
withstanding static and dynamic forces are the benefits of this design (Figure 2).   
 
 
 
 
 
 
 
 
 
 
 
 

 Figure 2: Harrier T4 Original Bell Crank Design. (Catia V5) 
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3.0      Methodology 
The process begins with the Catia V5 design of the original part, followed by the use of solidThinking to 
minimize mass, leading to the final design in Catia with FEA analysis.  

 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Optimisation process of Harrier bell crank.  
 

 4.0       CMM Metrology and Catia V5 design 
The bell crank incorporates three bores, one centre and two outer. The location of these 
bores is critical as incorrect positioning, will affect the amount of angular movement of the 
control rods. Therefore, the optimised design will have to attain the exact same locations of 
the bores. These three bores will be used as the reference point in Catia V5 and the bell 
crank will be designed around them. The use of a CMM will aid with the physical geometry 
characteristics of the original bell crank and obtain the X, Y, X locations of the bores. The 
benefit of using a CMM over manual metrology tools is that the CMM will provide with the 
upmost precise dimensions and eliminate the possibility of human error. The error of the 
Zeiss Contura G2 is 1.5 μm. The tolerance of the bell crank is +/- 1mm. Therefore, the error 
from the CMM machine is not taken into consideration.  

 
The data from the CMM is printed out in a report format with drawings to aid the Catia V5 
designing process. Three points are added in Catia V5 and the X, Y, Z coordinates obtained 
from the CMM are used to position the points in the exact same location as the original bell 
crank. Next the basic outline of the bell crank is sketched and the bell crank outline is 
completed with alterations such as the removal of all sharp edges (Figure 4). 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: Bore CMM coordinates input in Catia V5. 
 



 

5.0        Design for Manufacture  
The Harrier T4 is a military aircraft therefore the information available regarding its systems 
and specifications is classified and not published. To overcome this issue, a method of 
reverse engineering was applied to find the working and maximum force which the bell 
crank is subjected to.  
 
This method was to clamp the centre bore of the bell crank, while applying a force on one 
end bores and gradually increasing the force applied in steps of 5N to achieve the working 
and maximum forces with a safety factor of two, this is double the working force.  
 

Material 
Youngs Modulus 

GPa Poisson Ratio Density Kg/m^3 Yield Strength MPa 
Original Material 
(Steel AF1410) 203 0.312 7.79E+03 1.48E+03 
New Material 
(ALU-7075) 74.5 0.338 2.71E+03 213 

Table 1: Material Properties.  
 

5.1       Original Design FEA Analysis 
FEA analysis is carried out on the original design, to find the Von Mises stress and Transitional 
Displacement, The applied force is increased in steps of 5N (Figure 5).  

Figure 5: FEA analysis of original design with an initial force of 5N applied in the X axis. 
 
 
 
 
 
 
 
 

 
 
 
Table 2: Displacement and Von Mises results. 

 
As the force increases by 5N, the displacement increases by 0.86mm. The maximum 
displacement allowed by the original part is 10mm. This is due to the control rod lateral 
clearances to other structures, if the displacement exceeded 10mm this would result in a 
lockout on the aileron control rods.  
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Force N (X Axis) Displacement (mm) Von Mises (Mpa)
5 0.86 1.12

10 1.72 2.25
15 2.58 3.37
20 3.44 4.49
25 4.3 5.61
30 5.16 6.74
35 6.02 7.86
40 6.88 8.98
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The working force during flight is taken as 20N; a safety factor of two is applied resulting in 
the design to be able to withstand 40N. This would be applicable when the aircraft is flying 
at high speeds and undergoing extreme manoeuvres. The original design has a displacement 
of 3.44mm at 20N and 6.8mm at 40N therefore, this is an efficient design overall.  
 

5.2         Structurally Efficient Concept solidThinking Inspire 
The original design is exported into solidThinking through a STEP file format. The 
optimisation is run with minimising mass as the key goal. The results show that with the 
maximum amount of force which is 40N, the software calculates material removal process 
while ensuring the design is capable of withstanding the loads. This result is taken as a guide 
to the design process. However, this exact result can be exported into Catia V5 and further 
developed in terms of detail (Figure6).  

 

 
Figure 6: solidThinking Inspire Minimised Mass Result (Structural Efficiency). 

 
 
The method of working was to use the solidThinking result as a guide for designing in Catia 
V5. The first proposal was designed for CNC machining (Figure 7). 
 

  
 
 
 
 
 
 
 
 
 

Figure 7: First design proposal considering CNC machining.   
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FEA analysis is applied to Design 1 with the same properties as the original design. The centre bore is 
clamped, then force is applied at the end bores. The results from the FEA indicate Design 1 aimed at 
CNC machining is extremely efficient in terms of strength over its predecessor (Table 3).  

 
Result Original  Design 1 

Displacement (mm) 3.44 0.00315 
Von Mises (MPa) 4.49 2.12 

Material STEEL- AF1410 ALU- 7075 
                                Table 3: Original Vs Design 1 results.   

Figure 8: Design 1 FEA results showing improvement in displacement.  
 
The design is structurally efficient however, is unsuitable to be manufactured using the 3 axis 
CNC machine due to tool limitations, for example one of the limitations is the tooling length of 
the CNC machine, this is not able to accommodate the centre radius required to form the 
centre bore. Therefore an alternative method of manufacturing is considered such as sand 
casting.   
 
A 3D model of the part is printed and Sand casting is appointed as the most suitable method 
of manufacture. This is because the limitations of the CNC machine are mostly due to the 
inner radiuses this is where the casting method is superior. The key target is a high strength to 
weight ratio. Therefore, material was removed in specific areas which would not affect overall 
strength of the bell crank. The thickness of the surface was reduced from 4mm to 3mm, 
centre bore radius was decreased down to 6mm, and further design adjustments to material 
was removed from the two support beams which lead to Design 2 (Figure 9).  

 

Figure 9: Design 2 with reduced material overall resulting in weight decrease.   
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Figure 10: Design 2 FEA results indicating improvement over Design 1.   
 

Result Original  Design 1 Design 2 
Displacement (mm) 3.44 0.00315 0.00292 

Von Mises (Mpa) 4.49 2.12 1.63 
Material STEEL- AF1410 ALU- 7075 ALU- A3056 

                    Table 4: Original Vs Design 1 and 2 results 
 

Design 2 is designed for sand casting using Aluminium A3056. A3056 has excellent properties 
and examples of uses in the automotive industry are space frames and wheels where high 
strength is required.   

 
6.0      Manufacturing Process 

CNC machining is an option for this component. However, there are limitations with a 3 axis 
CNC machine. The Haas VF-3, 3 Axis CNC machine which is available at the University is 
incapable of machining this part, due to the complex inner and outer edge fillets. The 
manufacturing engineers responsible for the CNC machines advised against the component 
having radiuses. However, this would result in a design with sharp edges therefore leading to 
weaker FEA results due to the post manufacturing processes such as manually adding 
radiuses.  
 
Sand casting was decided as the most suitable method of manufacturing. This method is able 
to accommodate the complex edge fillets associated with Design 2. A 3D printed model was 
required to aid with the process of making a mould for the sand casting process. A3056 
Aluminium was chosen as the material for this application due to its high strength properties, 
availability and popularity in the aerospace and automotive industry.  

Figure 11: 3D printed bell crank.                                  Figure 12: Sand casted bell crank.     
 

 
 



 

7.0         Emergency Manufacturing Procedure 
As the Harrier T4 is a military aircraft, the technicians involved with maintenance of the 
aircraft are not design or manufacturing engineers. Therefore, and during an emergency 
situation, they would not be able to produce the exact same design of the sand casted bell 
crank due to the time and specialist equipment required.  
 
If the component was to fail, there would be loss of ailerons on the aircraft resulting in 
grounding of the aircraft which in hostile environments can be dangerous. An emergency 
design can be utilised to enable the aircraft to fly back to base safely. The emergency design 
is kept as simple as possible so basic hand tools can be used to manufacture, Fig 13 provides 
a user friendly guidance for the ground maintenance team. 

 Figure 13: Emergency bell crank constructed of steel pipe.     
 
Figure 13 is the design of an emergency single flight use bell crank. A steel pipe is simply bent and 
three holes are drilled into the pipe for the bolts. The ends of the pipe are slotted which can be 
produced by a grinder to allow the eye ends of the control rod to slot in. FEA results indicate the 
emergency bell crank will be strong enough for a single flight back to base. Dimensions for the 
emergency bell crank have to be considered in order to clear the working space envelope which is 
the housing of the bell crank (Table 5).  
 

Emergency Bell Crank Min Max 
Angle (⁰) 140 160 

Length (mm) 155 160 
Diameter (mm) 40 45 

Slot length (mm) 35 45 
Hole Diameters (mm) 6.35 12 

Table 5: Emergency bell crank dimensions. 
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8.0        Conclusion 
The present work illustrates how the optimisation process of a component was used to 
design for manufacture and achieving efficient strength to weight ratios. This process has 
been successfully used on the Harrier T4 aileron bell crank. The final manufactured bell crank 
is an improvement over its predecessor in terms of weight, strength and angular 
displacement.  
 
The manufacturing method of sand casting is used due to the complex design profile of the 
bell crank. Sand casting was able to accommodate the complex design whilst maintaining 
strength properties required which is presented in the FEA results.  
 
The ability to set the manufacturing method during optimisation would be beneficial for the 
end design. This is not an available feature in the solidThinking software therefore requiring 
additional research to attain the limits of certain manufacturing processes. If this feature 
was adapted to the next solidThinking software from Altair it would speed up the material 
choice and design process overall. 
 

Original                                                    3D Printed                                                        Sand Casted 
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