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The PAL-V is the first commercially available ‘flying car’. It is a dual occupant gyrocopter that can 

divert power between the tricyclic undercarriage and the foldable 2 bladed propeller during flight. 

Flying cars have been of interest for development since the invention of the ordinary car, and after 15 

years of development the PAL-V is testament to the plethora of challenges that the PAL-V engineers 

have overcome.  

The chassis that was designed in response to the brief had a maximum stress of 363 Mpa; a factor of 

safety of 1.412 above the yield strength. The minimum fundamental frequency was 57Hz at the third 

mode shape, and the chassis could withstand 1 billion rotations with no fatigue damage. The chassis 

had ample space for 2 doors over and above the size requirement and sat well outside of the restricted 

area. The total chassis weight was 172.83 kg. 

In light of the design achieving a 1.412 safety factor instead of the desired 1.5 some changes to 

the brief can be suggested; using tubing of different profiles would result in a lighter and stronger 

chassis. Welding aluminium is a complex and costly process due to the reactivity of molten aluminium 

and air and is perhaps not the optimal manufacturing technique. After extensive FEA of differing 

designs it can be concluded that a monocoque chassis potentially made of carbon fibre would be better 

suited to this application rather than sections of welded aluminium tubing. 

 

The given brief requested a chassis design for the PAL-V flying car that met specific technical criteria: 

The chassis was required to withstand a landing force of 7kN applied to one rear wheel through its 

damping structure with a factor of safety of 1.5. It also had to obtain zero structural damage after a 

billion propeller rotations, which represented 10 years of use. This could be modelled as a repeated 

torque of 2 kNm acting bi-directionally on the internal face of the propeller hub about 2 axes. In addition 

to this the brief imposed a minimum of 50Hz vibration over the first 4 nodes of natural frequencies in 

the structure to ensure the comfort of the passengers, and required two 0.8m square openings on the 

sides of the chassis to allow for passenger ingress and egress. The chassis was to be constructed with 

aluminium 7075 -T6 tubing of 50mm outer diameter and 40mm internal diameter, later to be replaced 

and tested with identical tubes made of magnesium alloy.  

The model was designed and tested using Solidworks 2017 with the aid of a given assembly comprised 

of a sample chassis, the undercarriage and a part representing the restricted zone which was to be 

avoided.  

Several assumptions were required to make the scenario feasible. Static simulations were used in 

place of dynamic studies in the landing test, as despite their improved accuracy, they would 

necessitate the consideration of the mass of the whole vehicle and its contents, gravity, landing speed 

and the simulation of the entire wheel damper structure. The friction through this mechanism is also 

unaccounted for as the pin joint in the undercarriage’s truss is assumed to be frictionless, and rotation 

of the wheel upon landing is not considered.  



Oli Thompson CAE End of Term Report 18/03/18 

3 
 

 With regard to solid modelling, a swept body cuts out its hollow inner profile into the coincident 

member that it is joined to, a problem that could not be rectified without mesh failure.  In reality the 

sections of tube would be welded with both sets of tubing intact. The study also fails to consider the 

decreased yield strength that occurs at welded joints, due to metallurgical damage to the material caused 

by the high temperature of welding. The landing force of only one rear wheel will be simulated as it 

can be assumed that the model is symmetrical. 

There are some further modelling assumptions inherent in the FEA process for example assuming the 

force does not change magnitude or direction with displacement, failing to consider kinetic hardening 

and the stiffness discrepancies and loss in accuracy introduced when breaking down a continuum into 

discreet sections (discretization error).  

It would be significantly easier to model the structure as structural beam members, but this 

would incur uniform stresses along the length of the beams. By contrast using solid bodies gives more 

accurate results around the high stress points. 

 

The first stage in the design process was to define standardised tests by which 

each design iteration could be analysed, starting with the sample chassis. The 

boundary conditions were zero geometry restricted translations and rotations of 

key nodes within the model. From these areas of zero displacement the software 

can obtain the known members of the {D} displacement matrix. 

 The forces and moments applied to the model allowed the FE solver to calculate the resulting 

nodal forces; matrix {R}. The software can use the material properties and mesh geometry to assemble 

the structure stiffness matrix {K}, which can then be used to find the unknown members of the nodal 

displacement vector through equation 1. A symmetry fixing was considered across all studies to 

improve meshing time, but due to the non-symmetrical distribution of forces and fixtures this would 

have been unhelpful. 

 

The first test was a non-linear static study; non-linear behaviour was 

expected at the high stress areas, and the discrepancy between our 

linear and non-linear results proved this to be true, making non-linear 

the more accurate study. As per the brief, fixed geometry was 

implemented at the 40mm long bearing sites to prevent translation 

or rotation (Figure 1). This was later revised to allow for rotation in 

an effort to make the test more realistic and reduce the stresses 

induced by the twisting motion, but this resulted in physical 

instability and the FE solver was unable to find the determinant of 

the singular stiffness matrix in the static analysis, resulting in an unrealistic displacement that was 

discovered during the sanity checks. 

The given force of 7kN acted on one wheel. Static hand 

calculations were used to translate the force acting on the 

wheel to the force 

acting on the structure: 

resolving forces in the 

vertical direction and 

taking moments around 

the wheel axle gave 

forces of 14kN acting 

[K]{D} = {R} 

Equation 1 

Figure 1: Landing Study Fixtures 

Figure 2: Landing Study Forces on Damper Figure 3: Landing Study Forces on Chassis 
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downwards on the rear arm and 7 kN acting upwards on the front arm (Figure 2). By Newton’s third 

law the forces acting on the chassis itself are equal and opposite giving a force of 7 kN acting 

downwards on the front bearing site, and 14 kN acting upwards on the rear bearing site (Figure 3). 

These forces were applied to the cylindrical faces of the chassis split lines opposite to the fixture sites, 

and vertically. There was some contention as to whether the force would act perpendicular to the bottom 

of the chassis, or perpendicular to the ground. Both methods yielded similar results so the discrepancy 

was dismissed. 

 

Four separate static studies were used to accurately simulate the 

sequence of torques on the rotor hub during a single rotation of 

the propeller. These 4 studies were used in a fatigue test to assess 

the structural damage after 1 billion rotations. The brief suggested 

preventing translation and rotation of the bottom of the chassis 

with fixed geometry (Figure 4).  

The 2000 Nm torque 

was applied to the 

inside surface of the 

rotor hub, acting about the front-back and left-right axes 

that intersected the middle of the cylinder (Figure 5). 4 

studies were conducted; 1 for clockwise moment and 1 for 

anti-clockwise moment about each of the 2 axes.  

A fatigue study was defined with the find cycle 

peaks option selected for the 4 static tests, which were 

added in order of occurrence. The final boundary 

condition was to define 1 billion cycles (Figure 6) with Gerber stresses used due to the materials 

ductility. 

The fatigue study aims to identify any possible crack propagation at stress points that may occur 

from repeated loads, despite the stresses themselves being well below the yield strength. The S-N curve 

of the material shows the magnitude of repeated stress that a material can withstand over a certain 

number of cycles. The SN curve for Aluminium 7075 – T6 (Figure 7) converges on a non-zero value 

of 150Mpa, which means there will be certain loads that will never cause any damage. Von mises 

criterion was used for the failure stresses. 

The frequency study used the same fixtures as the propeller torque static 

analysis (Figure 4). The results of the first 4 mode shapes were analysed in 

order to assess and minimise the risk of failure through frequency excitation.   

in addition to this it is important that excitations do not cause passenger 

discomfort. The software can determine the frequencies by finding the square root of the eigenvalues 

given by equation 2. The corresponding eigenvectors describe the shape of each mode. 

Figure 4: Torque and Frequency Study 
Fixtures 

Figure 5: Torque Propeller Study Axes  

Figure 6: Fatigue loading Cycle Figure 7: S-N Curve of Aluminium Alloy 7075 – T6 

det([𝐊]−𝜆[𝐌]) = {𝟎}  

Equation 2 
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A topological optimisation and analysis was conducted on the chassis as a starting point to the iterative 

design process. This involved modelling a 10mm thick shell that hugged the entire surface of the 

restricted area, which effectively represented a 100% beam coverage (Figure 8). The bearing locations 

were outside of this geometry so the model was extended slightly to allow a realistic location for forces 

and fixtures to be applied.  

 From this point the sections of the model that were under little to no stress could be cut away 

and the study re-run, (Figure 9) until it began to converge onto the smallest beam-like structure that 

could withstand the necessary forces. Areas that met the yield strength (Figure 10) would be rolled back 

and repeated. It was found that the landing load static test was the most challenging criteria to meet, 

and was hence the focus of the design.  

10 different designs were modelled, tested and iterated upon individually. The methods and results from 

these designs were used as a knowledge base that enabled the final design to the developed to 

completion. 

 

Figure 8: Initial Topology Shell Figure 9: Optimisation in Progress Figure 10: Stress Point Established 

Figure 11: Design 1 Figure 12: Design 2 Figure 13: Design 3 

Figure 14: Design 4 Figure 15: Design 5 Figure 16: Design 6 

Figure 17: Design 7 Figure 18: Design 8 Figure 19: Design 9 
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Figure 21: Stress Distribution 

The accuracy from an FEA study is directly related to the mesh used. As the elements are made smaller 

the calculated solution will approach the true solution at the expense of computational resources. 

Initially a relatively coarse mesh of 60mm was used, before being decreased to 20mm and 15mm. 

Smaller global meshes would not run. 

 By comparing the results gained from the different meshes 

no asymptotic relation emerged, and mesh convergence could not be 

declared with confidence. This outcome indicated that local mesh 

refinement was necessary: this technique involves decreasing the 

element size of local areas that experience high stresses, essentially 

remeshing the model and reducing error in a single region. 

This technique was used to refine the mesh to values of 10mm, 7mm 

and 5mm, (Figure 20) whereupon the stress value began to converge 

on the true value. Ideally some further refinement could be warranted 

but this was not possible with the equipment available. 

 Solidworks includes an adaptive mesh feature, which is a 

tool used to iteratively vary the mesh settings for the model without active user intervention. H-adaptive 

mesh identifies areas of increased stress and refines the element size and can be used to better validate 

the mesh convergence in a much shorter amount of time. 

Throughout the design and testing process all values and technical metrics were checked and cross 

referenced for any abnormalities, for example high displacement from incorrect fixings. Other 

unexpected results included an increase in stress at filleted joints, possibly incurred by insufficient mesh 

density.  

The landing study gave a maximum stress of 362.7 MPa, which superseded aluminium 7075 – T6’s 

yield stress of 505 Mpa by a factor of safety of 1.412 (Figure 21). 

 

 

 

 

 

 

 

 

 

 

Figure 20: Mesh Control 
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Figure 22: Fatigue Study with 0% damage 

The 4 static tests were implemented as a cyclic loading sequence over 1 billion cycles. The maximum 

stress reached was 90.6 Mpa with von mises criteria which was comfortably below the S-N curve of 

the material at that point (Figure 22). It is also below the converging value of the S-N curve and hence 

the chassis can theoretically withstand an infinite number of rotations without damage (Figure 7). 

The first 4 modal frequency shapes all sat comfortably above 50 Hz. The frequencies are as follows: 

70.52 Hz, 57.06 Hz, 54.46 Hz, 70.52 Hz for mode shapes 1, 2, 3 and 4 respectively. 

Figure 23: Mode Shape 1 Figure 24: Mode Shape 2

Figure 25: Mode Shape 3 Figure 26: Mode Shape 4
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The material was replaced by magnesium alloy, 

the yield strength of which is considerably lower 

at 130 MPa. This would cause the chassis to fail 

when landing on one wheel. The fatigue life of 

magnesium alloy cannot withstand repeated 

torque of 90.6 Mpa as the S-N curve (Figure 27) 

converges on 80 MPa after 10 million cycles. It 

was found that the change in material had a 

negligible effect on frequency with 71.06 Hz, 

57.98 Hz, 55.35 Hz and 71.06 Hz. This slight 

increase does improve the frequency response 

marginally but due to the sacrifice in yield 

strength magnesium alloy cannot be 

recommended as an alternative material. 

Several key observations guided the design process. It was found 

that in general long curved sections of tubing (Figure 28) 

distributed the stress better than smaller localised tubing (Figure 

29): this counterintuitive result arose from stress concentrations 

being introduced near the fixed bearings, despite increasing the 

overall rigidity of the surrounding structure. Furthermore, it was 

discovered that any perpendicular 

joints would cause stress 

concentrations and as such the 

design moved towards a more 

organic shape. The model was also tested with aluminium tubes of 

different thicknesses in order to compare the increase in maximum 

stress with the increase in weight. Another key finding was that 

extending the size of the chassis over and above the size of the sample 

chassis allowed better distribution of stresses and 

a greater safety factor. Logically filleting each joint would disperse the stress 

concentration induced by the sharp angle, but the FEA analysis consistently gave 

more favourable results with no fillets for unknown reasons. It was quickly 

established that adding more members around the top of the model reduced the 

stress around the fixture points, as this provided greater rigidity without causing 

points of stress concentration. This method also served to improve the 

resonant frequencies of the 

model, by bracing the chassis 

from movement in accordance 

to equation 3, which increased 

the chassis’ stiffness k. The 

final design had sufficient 

space for 2 doors (Figure 30) 

and sat comfortably around the 

restricted area (Figure 31). 

 

Figure 27: S-N Curve for Magnesium Alloy 

Figure 29: Support around Bearings

Figure 28: Curved Support  

 

Equation 3 

Figure 40: 0.8m x 0.8m Door Figure 31: Assembled Chassis 
Showing Restricted Area 
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Whilst the results from the FEA process were favourable the numerous assumptions and 

simplifications (as examined earlier) do play a part in their reliability. It would be strongly 

recommended to run more accurate and comprehensive tests with a higher factor of safety before 

using this chassis in production. Recommended design improvements would be not to use tubing of 

continuous cross section and use more complex members, perhaps moving away from tubes 

completely and integrating the body and chassis together with a monocoque chassis structure which 

provides improved stiffness and weight.  

 

https://docs.google.com/document/d/14L9g5mMsOUdQ4DZ8MmFR4KyiqxQ-

2__V8L7OxqSi15M/edit?usp=sharing 


