
 

 

 

 

                     

 

Metallic Equivalent of Aircraft Landing Gear Using Composite Materials 

 

 

Marius Hugo Kotze 

(Student number: 2743834) 

 

 

School of Mechanical, Industrial and Aeronautics 

 

University of the Witwatersrand 

 

Johannesburg, South Africa. 

 

 

Supervisor: Michael Boer 

 

A Research Project report submitted to the Faculty of Engineering and the Built Environment, 

University of the Witwatersrand, in fulfilment of the requirements for the degree of Masters of 

Science in Engineering. 

 

2024/07/15 



 

i 

Declaration 
 

 

I declare that this Dissertation is my own, unaided work. It is being submitted for the Degree of Master of 

Science in Engineering at the University of Witwatersrand, Johannesburg. It has not been submitted before 

any degree of examination in any other University. 

 

 

Signature: 

Date: 2024/03/25 

 

 



 

ii  

Abstract 

 

There are two types of Light Sport Aircraft landing gear configuration. The taildragger and tricycle 

arrangement where the difference is specified by the position of the main landing gear. Shipment delay of the 

current Aluminium 7075 T6 landing gear has caused further delays in the manufacturing of the BushCat Light 

Sport Aircraft. Thus, a composite alternative was required which could be manufactured locally. The objective 

was to determine which locally available material was best suited as an alternative to the current Aluminium 

7075 T6 design. This included estimation of the correct design loads acting on the BushCat aircraft main 

landing gear and to specify a composite alternative that could withstand these calculated design application 

loads. The loads that were used would be obtained from the ASTM F2245-14 regulations and EASA CS-23 

amendments. The loads were validated by means of Finite Element Analysis and analytical calculations. Drop 

tests were also conducted by the company and image processing was used to compare the calculated 

deformations to the FEA results. This was used to validate the load and constraint applications in Ansys 2023 

R2 software. The composite materials used for analysis were unidirectional epoxy e-glass wet layup and 

prepregs fibres. A coupon study was conducted on Aluminium 7075 T6 alloy and [0/90/90/0], [0/45/45/0], 

[0/90/45/0] layered unidirectional epoxy e-glass wet layup and prepreg coupons loaded under tension, 

compression, bending and torsion. The FEA results were validated using analytical calculations obtained from 

the Classical Lamination Theory. It was concluded that the unidirectional epoxy e-glass prepreg coupons were 

best suited as an alternative as better results in withstanding the applied load applications were obtained. The 

prepreg fibres also contained a lower void content in comparison to the wet layup fibres, thus increasing the 

fatigue life of the composite laminate as well as reducing the moisture absorption. The final composite landing 

gear was analysed using the Puck-failure criterion and it was found that after analysis and modifications were 

conducted, the newly designed composite landing gear could withstand the applied loads during limit load 

and ultimate load conditions without any fibre or inter-fibre failure in the strut of the landing gear. It was 

found that, failure had occurred in one of the fibre plies near the bolted regions of the axle section during 

ultimate (emergency) landing conditions and was thus concluded that the composite landing gear should still 

be inspected when attempting emergency landing at higher load conditions at an aircraft maximum take-off 

weight of 600 kg. The final composite landing gear design after modifications was 4.613 kg heavier than the 

Aluminium 7075 T6 landing gear. With regards to manufacturing the final composite landing gear a vacuum 

bagging process should be followed where the final vacuum bagging assembly containing the composite layup 

of the landing gear should be placed inside an oven or autoclave to start the curing process. Once the 

composite landing gear is cured, it could be machined into its final shape were non-destructive techniques 

such as ultrasound of thermography should be used to inspect the final composite landing gear for any air of 

volatile compounds withing the laminate. Static and dynamic destructive testing should also be used to 

validate if  the final composite landing gear can withstand all landing conditions aircraft maximum weight 

without any fibre failure or delamination occurring. 
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1. RESEARCH BACKGROUND  

 

Aircraft landing gear plays an essential role during ground and landing operations [1]. The landing gear must 

withstand the loads during operation and absorb the impact energy of landing to ensure other components of 

the aircraft are not damaged in the process [1].  

 

South African Civil Aviation Authority (SACAA) approved aircraft manufacturer is known for manufacturing 

the BushCat Light Sport Aircraft (LSA). The BushCat Aircraft main landing gear is manufactured using 

Aluminium alloy 7075 T6. The current landing gear is manufactured by Grove Aircraft Landing Gear Systems 

Inc. which is situated in United States of America. Due to the current landing gear being manufactured by a 

foreign company, the aircraft manufacturer has experienced delays in shipment of this specific landing gear 

which caused further delays in the assembly and delivering of the BushCat Aircraft. By finding a solution to 

the problem, shipment costs and manufacturing delays could be eliminated. The evidence of the main landing 

gear supply delay is contained in appendix C. 

 

2. PROBLEM STATEMENT  

 
The problem is created by frequent delays of the main landing gear supplied by Grove Landing Gear Systems 

Inc. and is significant for the manufacturing stages of the BushCat Aircraft. This component is an off-the-

shelf product may exceed the required specifications for its application on the BushCat aircraft. Grove 

specialises in the manufacturing of Aluminium leaf spring landing gears by using their expertise, testing and 

machinery throughout the entire process. The product is not locally available in South Africa thus, a composite 

alternative is required since it can be manufactured locally, is cost effective and are used by various other 

local Light Sport Aircraft manufacturers. 

 

3. RESEARCH QUESTIONS 

 
3.1. Critical Research Question: 

 

Can a main landing gear that is manufactured using composite materials withstand the loads acting on the 

current Aluminium alloy 7075 T6 landing gear design? 

 

3.2. Sub Questions: 

 

Which locally available composite material is best suited as an alternative to the current Aluminium 7075 T6 

design? 
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4. RESEARCH OBJECTIVES 

 
The objectives of this research are to: 

 

a. Determine the correct design loads acting on the BushCat Aircraft main landing gear. 

b. Validate Finite Element Analysis (FEA) results with numerical values and drop test results. 

c. Specify a composite alternative that can withstand these calculated design application loads. 

 

5. LITERATURE REVIEW  

 
5.1. Introduction  

 

The literature review will focus on the load conditions, landing conditions and the requirements of an aircraft 

landing gear specified by the Utility, Aerobatic and Commuter Category (EASA CS-23 Initial Issue) and 

(ASTM F2245 ï 14) standard specifications for the design and performance of a Light Sport Airplane. It also 

includes literature regarding composite materials used for Light Sport Aircraft main landing gear. 

 

5.2. Aircraft and Landing Gear Loads 

 

5.2.1. Loads/ Forces Acting on BushCat Aircraft Landing Gear: 

 

There are two types of BushCat Aircraft landing gear configurations, namely Tricycle and Taildragger landing 

gear configuration as seen in Figure 1. Note that the main landing gear is positioned at different locations on 

the aircraft. 

 

Figure 1: BushCat Aircraft Tricycle and Taildragger Landing Gear Configuration and Aircraft Dimensions [2]   
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In Figure 2, the current Aluminium 7075 T6 alloy landing gear is displayed as a leaf spring design with its 

load and deflection graph, which is important when considering the different landing conditions. The 

deflection ódô denotes vertical deflection of the gear. It indicates the efficiency of the shock absorption by the 

landing gear and is directly correlated to the landing gearôs ability to absorb the impact forces during landing 

[3].  

 

 
 

 
Figure 2: Landing Gear Design and Load vs Deflection Graphs [3]  

 
In Figure 3, the basic landing conditions are indicated according to the ASTM F2245 ï 14 and EASA CS ï 

23 regulations for the Tricycle and Taildragger configurations [4]. Each landing condition has its own Centre 

of Gravity (CG) position which influences load distribution of the aircraft and the loads experience on the 

main landing gear. 

 
Figure 3: Basic Landing Conditions [4]  



4 

 

Table 1 contains a summary of Load/ Force applications for each landing condition. It is important to note the 

different landing conditions specified by the ASTM F2245 ï 14 regulations [4]. When designing the main 

landing gear for any Aircraft, the design is required to withstand the worst landing condition specified in 

Figure 3 and Table 1. The safety factor required for each condition is 1.5 [4]. 

 

Table 1: Description of Load/ Force Components for Each Landing Condition [4]  

 

 

The following inputs are required to obtain the load/ force component at the Centre of Gravity (CG) and 

general loads for each landing scenario [4]: 

 

ὑ πȢςυ  

ὒ ς
σ   Ratio of assumed wing lift to aircraft weight 

ὲ   Load factor on wheels 

ὲ ὲ ς
σ   Load factor 

ὡ  Maximum design weight of Aircraft (kg) 

ὥ  Chord length of aircraft wing (m) 

ὦ  Wing span of aircraft (m) 

If ὲ σȢσσ, masses such as the engine, fuel tank, occupant, seats, and ballast must be designed for a limit 

load factor for landing ὲ πȢφχ ὲ τ. 

 

According to the ASTM F2245 ï 14 regulations, during emergency landing conditions the landing gear 

must be designed for the following ultimate load factors [4]: 

 

ὲ  3 in the upwards direction 

ὲ  9 or 10 (for engines) in the forwards direction 

ὲ  1.5 in the lateral direction 
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According to the EASA CS ï 23 and ASTM F2245 ï 14 regulations, the following must be considered: 

 

1) For side load conditions as seen in Figure 4, the limit vertical load factor  1.34W, lateral inertia load 

factor  0.83W and the vertical ground reaction force is divided between the main wheels. The lateral 

ground reaction frictional load is 0.5W acting inboard while 0.33W is acting outboard. The drag loads 

can be assumed to be zero [5]. 

 

Figure 4: Side Load Landing Conditions [4]  

 
2) During braked roll conditions as seen in Figure 5 with tyres in the static position, the limit vertical 

load factor  1.33W. A drag reaction equals the vertical/ normal reaction is multiplied by the 

coefficient of friction of 0.8 at wheel contact point to the ground when brakes are applied [5]. 

 

 

Figure 5: Braked Roll Landing Condition [4]  

 

 

 

 

 

 



6 

 

Figure 6 and Figure 7 provides the free body diagram for the loads exerted on both tricycle and taildragger 

landing gear. As seen in Figure 6 and Figure 7, the aircraft can land normally whilst during crosswind 

conditions the aircraft can be ñskewedò during landing which is also known as a ñcrabbedò landing. When 

the crosswinds are strong enough, they can create a situation where the aircraftôs flight path is not directly 

aligned with the centreline of the runway.  

 

 

 

Figure 6: Loads on Tricycle Configurated Aircraft During Landing [3]  

 

 

 

 
Figure 7: Loads on Taildragger Configurated Aircraft During Landing [3]  
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Figure 8 displays the mass and centre of gravity (CG) position graph obtained from the BushCat Pilot 

Operating Handbook (POH) [2]. Each specific mass that the aircraft may operate at has a forwards and 

rearwards CG limit. The percentage position at the CG is determined using the percentage Mean Aerodynamic 

Chord (MAC). A demonstration is shown in Figure 9. This graph is known to every pilot operating the 

BushCat Aircraft as well as the engineer designing the landing gear. 

 

 
Figure 8: Mass vs CG (%MAC) Graph for BushCat Aircraft [2]  

 

 

 
 

Figure 9: MAC Chord Drawn Trough the Centre of the Area of the Wing [6]  



8 

 

Wheel spin up loads must also be considered during landing. Equation 1 provides the wheel spin up loads 

during aircraft landing that are specified by the EASA CS ï 23 regulations [5]. 

 

Ὂ                                                             (1) 

Where: 

Ὂ  = Maximum rearward horizontal force acting on the wheel (lb) 

ὶ = Effective rolling radius of wheel under impact based on tyre pressure during operation (ft) 

Ὅύ = Rotation mass moment of inertia of rolling assembly (slug feet) 

ὠ  = Linear velocity of aircraft in the x-direction at instant of contact (ft/s) 

ὠ = Peripheral speed of tyre (ft/s) 

ὲ = Coefficient of friction 

Ὂ  = Maximum vertical force on wheel/ tyre (lb) 

ὸᾀ = Time interval between wheel contact and maximum vertical force exerted on wheel (s) 

 

According to the EASA CS-23 regulation the following requirements are necessary when testing the landing 

gear such as 1) limit shock absorption tests, 2) limit drop tests and 3) ground load dynamic test [5]. These 

tests are necessary after the new composite landing gear is installed to meet the safety requirements.  

 

1) Limit shock absorption test 

The landing gear may not fail, but yielding is allowed whilst simulating a descent velocity 1.2 times the limit 

descent velocity assuming that the wing lift force is the same as the weight of the aircraft [5]. 

 

2) Limit drop tests 

Limit drop tests must be conducted using complete aircraft [4]. The drop height may not be less than the 

height calculated in the following formula: 

 

È Í   πȢπρσς 
ϵ

                                                          (2) 

Where: 

 

h = Drop height (ά) 

Mg = Mass  Gravity  

S = Wing Area (ά ) 

  

 
The drop height may also not be less than 0.234 m or more than 0.475 m [4]. 

 

 

 



9 

 

If the wing lift is provided during free drop tests, then the weight for the landing gear drop height is calculated 

using Equation 3 [5]: 

 

ὓ ὓ                                                                   (3) 

Where: 

Me = Weight used during drop test (kg) 

h = Specified free drop height (m) 

d = Deflection of tyre + the vertical component of the axle distance travelled (m) 

Mm = Weight of main landing gear (kg) 

Mt = Weight of tail gear (kg) 

Mn = Weight for nose gear assuming mass of aircraft acting at CG and exerts a force of 1g downwards and 

0.33g forwards (kg) 

L = Ratio of wing lift to aircraft weight, may not be more then 0.667g 

 

 

3) Ground load dynamic test 

 

For the ground load dynamic test, the test must be conducted using a complete aircraft and must adhere to the 

level landing conditions. The drop height must be 2.25 times the drop height that is calculated in the limit 

drop test section [5]. 

 

 

 

Composite Materials Used on Light Sport Aircraft Landing Gear: 

 

A composite material is composed out of two elements that work together to achieve desired material 

properties [7]. Composites are divided into three main groups: 

 

1) Polymer Matrix Composites (PMC) 

2) Metal Matrix Composites (MMC) 

3) Ceramic Matrix Composites (CMC) 

 

However, for this project the focus will be on the PMC composites to design and manufacture a equivalent 

leaf spring landing gear. PMC use a polymer base resin as the matrix and for the reinforcement it uses glass 

fibre, carbon fibre or aramid [7]. The resins used can be epoxies or polyesters depending on the desired 

properties and application that is needed. The resin matrix better distributes the load across the fibres and 

protects it from abrasion or impact damage [7].  
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As seen in Figure 10, combining a composite fibre material with resin allows for a composite component that 

is highly resistant to both tensile stresses and strains. During loading of a composite structure/ component, 

the composite fibers are more effective in withstanding stresses whilst the resin is more effective in 

withstanding strain. Thus, a combination of both is needed inside a composite structure/ component to 

withstand the exerted loads. 

 

 

Figure 10: Tensile vs Strain Graph for PMC [7]  

 
When using a fibre such as S-glass, the resin used must have a larger elongation to break percentage then the 

S-glass to achieve the maximum strain properties [7]. 

 

 
Figure 11: Strains to Failure of PMC's [7]  

 
The overall material property for the composite is determined by the following [7]: 

 

1) Properties of the fibre 

2) Property of the resin 

3) Fibre Volume Fraction (Ratio of the fibre to resin composite) 

4) Orientation and geometry of the fibres inside the composite 
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Figure 12 provides the four main loads experienced by a composite component during load conditions [7]. 

The main loads that any composite structure or component will experience is tensile, compression, torsion 

and bending respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Tensile, Compression, Shear and Flexural Loads Respectively [7]  

 

 
The resin normally used for aircraft landing gear applications is aircraft grade Epoxy resin. This is due to the 

highest stress and strain in comparison to Polyester and Vinylester resins that Epoxy resin can withstand. 

Polyester resins are considered a brittle resin which is not applicable for composite aircraft landing gear since 

its brittleness will not produce the spring action needed for the landing gear [7].   

 

Composite materials demonstrate excellent fatigue resistance in comparison to most metals. The fatigue 

resistance of a composite is determined by the quality of the manufacturing process. As a result, epoxy-based 

resins are extremely resistant to fatigue in comparison to other resins used, thus it is very popular in the 

aviation industry when used for aircraft structures [7]. 

 

 

Figure 13: Resin Comparison [7]   



12 

 

Figure 14 shows how fibre laminates can be stacked to resist the load cases displayed in Figure 12. The 

symmetry and balance of the stack is important, the 45-degree stacks help with shear loads, whilst the 0 and 

90-degree stacks help with bending loads acting on the structure [7]. 

 

 

Figure 14: Laminate Stacking Orientation [7]  

 
Table 2 provides a comparison between the different types of polymer matrix composites. The advantages, 

disadvantages, general cost provided by Toray Advanced Composites, availability, and ease of manufacturing 

were compared however, glass fibre reinforcement was studied and used during the design of the composite 

landing gear in this research report. 

 
Table 2: PMC Material Comparison 

 Glass Fibres Carbon Fibres Aramid Fibres 

Advantages -High impact resistance (useful for 

applications requiring impact and 

shock absorbing effects) [8] 

-High strain capacity [8] 

 

-Exceptional strength to weight ratio 

-Low corrosion 

-High fatigue resistance [8] 

-Good aesthetics  

-Dimensional stability allowing fibres to 

maintain shape and dimension during 

changing environmental conditions. [8] 

-Exceptional impact resistance 

-Good fatigue resistance 

-Good strength to weight ratio [8] 

-Very low compressive strength 

(useful for only tensile and stiffness 

applications ï less stiff than carbon 

fibre) [9] 

Disadvantages -Lower strength to weight ratio 

-Can absorb moisture over time 

[8] 

-Limited temperature resistance 

-Can be susceptible to strong acids 

or alkalis [8] 

-High Youngôs modulus 

-High brittleness (susceptible to low 

strain failure) [8] 

- Possibility to cause damage to structure 

during minor impact loads [8] 

-High material and manufacturing costs.  

-Degrades under prolonged exposure 

to UV-rays. 

-Hybrid forms with other composites 

have increased delamination 

possibility [8] 

-Possibility to not bond particularly 

well with most resin systems [9] 

-Possibility to absorb water rapidly 

[9]  

General Cost E-glass 7581 (300 gsm) @ ú 

4.50/m^2 

Carbon 3K @ ú 50/kg 

Carbon 12K @ ú 35/kg 

Aramid (Twaron) (640 gsm) @ ú 

14.50/m^2 

Availability -Widely used PMC, manufactured 

by Toray and Mitsubishi Chemical 

[9] 

-Most widely used PMC, manufactured 

by Toray and Mitsubishi Chemical [9] 

-Widely used PMC, manufactured by 

Toray and Mitsubishi Chemical [9] 

Ease of 

Manufacturing 

-Void content should be carefully 

controlled with regards to resin 

content application.  

-May require oven or autoclave 

which increases production cost 

[10] 

-Requires specialized manufacturing 

using autoclave curing. Can increase 

production cost [10] 

-Mostly in hybrid forms with other 

PMCôs, thus manufacturing process 

should be tailored to reduce 

delamination possibilities in final 

product [10] 
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5.3. RX1E-A Aircraft  Composite Undercarriage Case Study 

 

In the following study conducted by the Chinese Society of Aeronautics and Astronautics (CSAA) a 

composite leaf spring landing gear was manufactured for the RX1E-A two-seater electric aircraft by means 

of autoclaving [11]. The ASTM 2245-14 standards were followed during the research conducted by CSAA. 

 

 

Figure 15: RX1E-A Two-Seater Electric Aircraft [11]  

 
Figure 16: RX1E-A Leaf Spring Landing Gear [11] 

 
Glass fibre unidirectional belt prepreg has a low modulus and high toughness. These characteristics are 

necessary to absorb the energy transferred to the landing gear [11]. The design of this composite landing gear 

must be able to minimise structural damage that can be caused by material deviation [11]. To obtain an 

optimum design, two stages need to be considered when constructing the composite gear. Stage 1 is the 

thickness optimisation of the composite fiber layers whilst Stage 2 is the fiber stack-up orientation 

optimisation of the layer [11].  

 

Table 3 provides the material properties for the epoxy e-glass fibre composite prepreg. It includes the 

longitudinal modulus of elasticity (Ὁ), transverse modulus of elasticity (Ὁ). in-plane modulus of elasticity 

Ὃ ), in-plane Poissonôs ratio (‘ ), longitudinal tensile strength („), longitudinal compressive strength 

(„ ȟ transverse tensile strength („), transverse compressive strength („ ) and the in-plane shear strength 

(„ ) [11]. 
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Table 3: Properties of Glass Epoxy E-Glass Prepreg Fibre Material [8] 

 

 
The following equations is used to obtain values of each landing load condition [11] : 

 
1) Stiffness of leaf spring landing gear and tyre 

 

 

Ὧ                                                                               (4) 

 

Where: 

 

Ὧ = Combined stiffness of leaf spring landing gear and tyre (-) 

Ὧ = Stiffness of wheel tyre (-) 

Ὧ = Stiffness of leaf spring gear (-) 

 

 

2) Drop height of landing gear during drop test 

 

Ὤ ρȢσς                                                                          (5) 

Where: 

 

Ὤ = Drop height (ά) 

ὡ = weight of aircraft (ὯὫ) 

Ὓ = Area of aircraft wing (ά ) 

 

1) Load factor on the centre of gravity (CG) position 

 

 

ὲ ὒ                                                                        (6) 

Where: 

 

ὲ = Load factor on CG (-) 

Ὤ = Drop height (ά) 

Ὠ = Total shock absorber travel (ά) 

Ὡ = Shock efficiency (-) 

ὒ = Ratio of assumed wing lift to aircraft weight (-) 

 

 

 

 



15 

 

2) Total shock absorber travel 

 

Ὠ                                                                             (7) 

Where: 

 

Ὠ = Total shock absorber travel (ά) 

ὲ = Load factor on CG (-) 

ὡ = weight of aircraft (ὯὫ) 

Ὧ = Combined stiffness of leaf spring landing gear and tyre (-) 

 

Table 4 provides the weight of each layer of the composite that was adjusted by means of optimising the 

thickness for each layer. This reduced the weight of the leaf spring landing gear and an experiment was 

conducted to check what the displacement and ground load force in (Newtons) are for each optimisation [11]. 

To avoid crack propagation the number of continuous layers did not exceed four layers [11]. The angle of 

each layer in the continuous layer stack is also displayed. 

 

Table 4: Data Obtained/ Calculated of the Composite Material During Different Optimisations [8] 

 

 
During the second stage optimisation shown in Figure 17, a comparison is presented regarding the area of the 

leaf spring landing gear where the thickness was adjusted. The thickness distribution before optimisation was 

focused near the bracket section of the gear connected to the aircraft fuselage and after optimisation the 

thickness distribution was modified to be more focused before the top bend section of the leaf spring gear 

strut.  

 

 

Figure 17: Layer Thickness Optimisation [11]  
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Figure 18 depicts the 3 modes namely tensile, compressive and shear failure respectively. The strength 

criterion of composite materials can be divided in two categories namely ultimate strength failure criteria such 

as the (maximum-stress and maximum-strain criterion), Tsai-Hill, Hoffman and Tsai-Wu which does not 

distinguish between failure modes whereas the second category distinguishes between failure modes such as 

the Hashin, Puck and LaRC03. The Puck failure criterion was used during the design since failure between 

fibre and inter-fibre is distinguished and can reasonably simulate the failure mechanisms between fibres whilst 

the theoretical prediction results agree well with obtained experimental results to ensure validity of the 

analysis. An addition to the Puck-failure criterion also included fibre and inter-fibre tension and compression 

failure making it an optimal choice for the analysis of the composite leaf spring landing gear [11].  

 

Figure 18: 3 Failure Modes: Tensile, Compressive and Shear [11] 

 
In Figure 19, the FEA simulation results provide a visualisation on where the failure was most likely to occur 

for each failure parameter and mode. ὩὪ  is the inter-fibre failure Mode A damage parameter, ὩὪ  

is the inter-fibre failure Mode B damage parameter, ὩὪ  is the inter-fibre failure Mode C damage 

parameter. ὩὪ  is the fibre tensile Mode A damage parameter and ὩὪ  is the fibre compressive failure Mode 

B damage parameter. The main composite gear was more prone to inter-fibre tensile failure (ὩὪ ) and 

inter-fibre compression failure (ὩὪ ) than inter-fibre shear failure (ὩὪ ). Fibre tensile (ὩὪ ) and 

fibre compression (ὩὪ ) damage was also present during loading conditions on the modified gear. Thus, 

during loading of a composite leaf spring landing gear, the FEA results depict that the tensile and compressive 

load resulted in the failure of the composite leaf spring landing gear.  

 

 
Figure 19: FEM Simulation for Each Failure Parameter [11]  
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Table 5 provides the FEA strain results of the composite leaf spring for each landing condition for both the 

tricycle and taildragger aircraft during ultimate (emergency) load conditions.   

 

Table 5: Maximum Strain of Leaf Spring in Tensile, Compressive and Shear Condition [8] 

 

 

During the physical test conducted on the fibre composite landing gear, strain gauges were attached to the 

gear during the test. Figure 21 and Figure 22 shows the distribution of the strain gauges on the composite 

landing gear and the crane used to apply the load to the gear. 

 

 

Figure 20: Strain Gauge Distribution [11]  

 

Figure 21: Crane Loading Scheme [11]  
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The experiment was conducted in two phases. The first phase was a static strength experiment that increased 

the load to the ultimate load [11]. This experiment was conducted to determine if the leaf spring gear met the 

stiffness and strength requirements and to record the displacement of the loading point on the axle together 

with the strain on the leaf spring [11]. The second phase was a failure experiment where the ultimate load was 

continuously applied to the gear until damage occurred. This was to determine the ultimate strength of the 

gear [11]. The load on the gear was maintained for 30 seconds at the limit load and the gear was then examined 

for any deformation or failure. It was found that if the gear was loaded 115% the ultimate load, the fibers 

failed due to tensile loads. The displacement of the gear in each direction is displayed up to 100% the ultimate 

load. 

 

Figure 22 represents the failure experience by the -45-degree and 0-degree unidirectional fibers. The -45-

degree fibers delaminated due to compressive loads and the 0-degree fibers failed due to tensile loads 

experienced during 115% the ultimate load condition. 

 

Figure 22: Tensile Failure on Landing Gear [11] 

 
Figure 23 provides the X, Y and Z displacements of the composite leaf spring landing gear during ultimate 

(emergency) load conditions. The maximum X, Y and Z displacements was 65mm, 250 mm, and 350 mm 

respectively.  

 

 
Figure 23: Displacement Under 100% Ultimate Load in Each Direction [11] 
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In conclusion, Table 6 shows the results obtained by the strain gauges compared to the simulation results. The 

maximum strain occurred on measurement points 10 and 12 which was near the side edges of the gear. This 

is an indication of where fibre and inter-fibre tensile and compressive failure is most likely to occur on this 

type of composite landing gear. 

 

Table 6: Comparison of Undercarriage Strain Results [8] 

 
 

 
5.4. Void Content and Fatigue Life of Composite Laminates 

 

 

Voids or volatile compounds are considered as entrapped air inside the matrix of a composite structure. Figure 

24, represents a visualisation of the fibres and matrix content inside a composite structure.  

 

 

Figure 24: Fibre and Matrix Representation Inside Composite Structures [9]  

 

It is considered virtually impossible to obtain a laminate that is totally void free as the actual void content 

present will depend on several factors such as the process used during manufacturing and the resin type [9]. 

Manufacturing methods such as hand lay-up will generally result in the highest void content whilst other 

methods such as autoclave manufacturing techniques result in the lowest void contents within the composite 

structure or component [9]. The resin type used during manufacturing is important since some resins 

(particularly phenolics) produce volatile compounds during the curing process. However, the higher the 

viscosity of the resin during manufacturing, the more difficult it becomes to remove the entrapped air and 

volatile compounds from the laminate [9].  
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The void content present within any composite structure is expressed as a volume fraction (ὠ). The percentage 

void content can range anywhere from 0.05% up to 10% inside composite structures [9]. The presence of 

voids can be detrimental to the strength and elastic properties of the composite since the stiffness is reduced 

due to the volume of the composite carrying the applied loads are reduced. The transverse modulus (Ὁ) and 

in-plane shear modulus (Ὃ ) are dominated by the matrix properties, thus the reduction in these properties is 

greater than ὠ in comparison to the longitudinal modulus (Ὁ). The longitudinal modulus is dominated by the 

fibre properties thus, it is not affected much by the void content [9].  However, if the void volume fraction 

exceeds 2%, the effects are more significant on the matrix dominated strength than its elastic properties. The 

voids tend to cause stress concentrations within the matrix which promotes failure such as cracking. Another 

significant impact of void content on the performance of composite structures is that it can reduce the fatigue 

life and moisture resistance of the structure [9]. Moisture absorption can cause swelling which in turn induces 

internal stresses that weaken the matrix. The moisture will ultimately degrade the bonding between the fibres 

and the matrix resulting in accelerated fatigue crack growth inside the structure [9].  

 

Another factor leading to reduced fatigue life of the composite laminate is ultraviolet (UV) degradation. The 

UV radiation can break the polymer chains down within the matrix leading to embrittlement and reduced 

strength. Composite structures used outdoors or in environment with which UV exposure are more prone to 

fatigue crack initiation and propagation directly affecting the fatigue life of the composite [12].  

 

5.5. Introduction, Literature Study and Case Study Summary 

 

 

In conclusion, there are two types of light sport aircraft landing gear configurations namely the tricycle and 

taildragger aircraft configuration, the difference between the two is represented by the position of the main 

landing gear situated beneath the fuselage of the aircraft. Shipment delays of the current Aluminium 7075 T6 

alloy landing gear has caused further delays in the manufacturing of the taildragger and tricycle Light Sport 

Aircraft. Thus, a composite alternative is required which could be manufactured locally to withstand the same 

load conditions as the Aluminium 7075 T6 alloy landing gear. According to the ASTM F2245 -14 and the 

EASA CS-23 regulations both the tricycle and taildragger aircraft has their own landing load conditions which 

should be considered when designing a main landing gear out of composite materials. The composite materials 

focused during design of a composite alternative to the current Aluminium 7075 T6 alloy landing gear is a 

polymer matrix in combination with E-glass fibres.    

 

During the case study conducted on the Chinese RX1E-A Epoxy E-Glass belt prepreg leaf spring landing 

gear, the Puck failure criterion was used to analyse the failure present withing the composite gear. The Puck-

failure criterion distinguishes between fibre and inter-fibre failure of a composite laminate. It was found that 

the composite leaf spring landing gear was more prone to inter-fibre tensile and inter-fibre compression failure 

than inter-fibre shear failure. The composite gear was also prone to fibre tensile and fibre compression failure. 

During structural testing of the gear, it is found that the -45-degree and 0-degree fibres failed due the above-
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mentioned failure parameters at 115% the ultimate (emergency) load which corresponded to the Puck failure 

FEA analysis. This case study is relevant since it validated the Puck-failure criterion through experimental 

testing and confirmed its accuracy in predicting the failure modes in the composite laminate under specific 

load conditions. Secondly, it identified the different failure modes inside of the composite structure and 

highlighted the critical areas where the composite landing gear is vulnerable under limit and ultimate loads.  

 

Lastly when manufacturing a composite structure, it is important to consider reducing the void content within 

the matrix as much as possible due the reduction in fatigue life when the void volume fraction increases. 

Voids and volatile compounds tend to cause stress concentrations withing the matrix which promotes failure 

such as crack initiation and crack propagation during continuous loading of the composite structure. 

Manufacturing methods such as hand lay-up results in high void and volatile content whilst autoclave 

manufacturing methods results in the lowest void and volatile content within the composite structure. The 

fatigue life of the composite structure will also depend on the moisture abortion and UV radiation exposure 

as it can significantly reduce the fatigue life of the composites structure or component.   
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6. RESEARCH METHODS 

 

 
6.1. Research Design 

 

For this proposed research, literature observations, calculations, FEA simulations, and advice from composite 

manufacturing experts have been used. This combined approach aimed to offer a more thorough analysis and 

addressed the research questions and objectives comprehensively. 

 

The literature provides valuable knowledge on forces that act upon Light Sport Aircraft landing gear according 

to the correct EASA CS 23 amendments and ASTM F2245 ï 14 standards. Calculations and numerical 

modelling can be used to simplify the complexity of using a composite design for landing gear by obtaining 

results regarding the stresses experienced by certain sections of the gear and to determine whether the material 

can safely withstand these loads. Advice from manufacturing experts can be valuable since manufacturing a 

component of composite materials needs practical experience and practical ideas to ensure that the design can 

be manufactured with what is locally available.   

 

6.2. Instrumentation 

 

The following software will be used during the duration of the research: 

 

1) Ansys 2023 R2 Software - The software will be used to conduct an FEA analysis on the Aluminum 

7075 T6 alloy and composite landing gear whilst it is subjected to the different landing loads 

conditions. Ansys software will also be used for the layering of the composite landing gear used in 

the FEA analysis. 

 

2) Siemens NX 12 - The software was used to model the Aluminium 7075 T6 alloy landing gear 

components such as the brackets, axles, bolts, and nuts. It was also used to model the composite 

landing gear that was used for layering of the composite gear and FEA analysis inside of Ansys.  

 

6.3. Data Collection/ Analysis 

 

Data on various parameters was sourced to ensure that the design was valid. Some of the data that was 

collected by engineers at the company included aircraft weight, current landing gear dimensions, drop test 

results and the Pilot Operating Handbook (POH).  

 

1) Aircraft weight - The weight is important when determining the loads on the landing gear. This data 

collection included maximum take-off weight, empty weight, and payload weight.  
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2) Landing gear dimensions - According to the aircraft manufacturer, the new design must be of similar 

dimensions as the current aluminum alloy landing gear so that minimal changes were required for 

brackets and aircraft modification. 

 

3) Landing conditions - The landing conditions are important since they determine the forces that act in 

on the landing gear during different conditions for the taildragger and tricycle Bushcat aircraft. These 

landing conditions are determined using the EASA CS 23 amendments and ASTM F2245 ï 14 

standards.  

 

4) Regulatory requirements - The regulatory requirements included the POH as it provided information 

regarding the limitations during the operation of the Bushcat aircraft. These limitations included 

aircraft airspeed, weight and balance which were important for calculations.  

 

5) Stress analysis - Once the necessary data was collected, Ansys was used to perform a structural 

static stress analysis on the landing gear. This analysis was used to understand the forces acting on 

the landing gear and identify potential failure points. 

 

 

6.4. Validity and Reliability  

 

To validate and verify the composite landing gear design the following were conducted: 

 

1) Landing gear drop test - Ansys simulations were compared to an actual drop test. The deformations 

were compared to the deformations presented in the simulations, this was done to check that the loads 

and constraints were applied correctly onto the gear. This was then transferred to the composite 

landing gear in the final design.  

 

2) Landing gear deflection - The vertical stroke deflection was compared to the deflections obtained by 

FEA analysis to validate that the loads, application of loads and constraints were correctly applied in 

Ansys.  

 

3) Mesh independence study ï A mesh independence study was conducted during the landing gear 

deflection and bending stress analysis. This was done so that the correct mesh element size could 

determine the most accurate FEA result against the analytical calculations as well as the sensitivity 

of the stress and deflections obtained through FEA analysis when changing the mesh parameters.  

 

4) Coupon simulations - Ansys software was used to conduct an FEA analysis on Aluminium 7075 T6 

alloy during tensile, compression, bending and torsion load application. The results were compared 

to numerical calculations. The results were used during the composite gear optimisation to determine 

the correct fibre orientations that could withstand the loads more effectively. 
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7. LANDING GEAR LOAD CALCULATIONS  

 
7.1. Introduction  

 

In this section the loads calculations for the different side loads, brake loads, wheel spin up loads, self-aligning 

torque and for all landing conditions for the tricycle and taildragger gear configurations of the BushCat 

Aircraft were conducted. The effect that these forces have on the main landing gear were analysed and the 

loads calculated were used in chapter 8 and chapter 10 for the FEA-analysis of the Aluminium 7075 T6 and 

composite alternative landing gear. The loads were calculated for a maximum aircraft mass of 600 kg and a 

speed of 96.56 km/h (60 mph) obtained from the and BushCat Aircraft specifications as seen in Table 7 and 

Table 8.  

 

Table 7 provides the specifications obtained from the documents of the BushCat Light Sport Aircraft 

regarding the maximum mass approved by the South African Civil Aviation Authority (SACAA) and Federal 

Aviation Administration (FAA). Table 7 and Table 8 provides the BushCat Aircraft weight and balance 

specifications as well as the final approach speed. 

 

Table 7: Light Sport Aircraft Maximum Take-off Weight [13]  

 

 

Table 8: BushCat Aircraft Weight and Balance Specifications, Final Approach Speed [13] 

 

 
Once airspeed of 56-60 mph IAS (600 kg) is obtained, the wing flaps should be set to the landing setting 

whilst confirming that the fuel pump is on and the fuel selector is on [13].  
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7.2. Aluminium 7075 T6 Alloy Landing Gear Assembly 

 

Figure 25 provides the landing gear and wheel assembly annotations of the main landing gear on the BushCat 

taildragger aircraft. The same assembly applies for the tricycle aircraft. In Figure 25 the following annotations 

can be noted regarding the assembly of the main Aluminium 7075 T6 alloy landing gear: 

 

Aircraft main gear assembly:     Wheel assembly: 

 

2. Spring gear      1. Wheel assembly (hub and tyre) 

3. Brackets (radius plates)    2. Calliper assembly 

4. Protection shims     3. A3C axle nut with split pins 

8. M12 × 60 mm bolts     4. A3C axle  

9. M12 washers      5. AN6 24A bolts 

10. M12 nylock nut     6. AN5 23A bolts 

        7. M8 × 16 × 1.6 mm washers 

        8. M10 × 18 × 2 mm washers 

        9. M10 nylock nut 

        10. M8 nylock nut 

         

 

 

Figure 25: BushCat Landing Gear Assembly to Aircraft [13]  

 

  



26 

 

7.3. Analytical  Calculations 

 

 

7.3.1. Landing Condition Loads 

 

Table 9 and Table 11 provides the different landing conditions for the nose wheel and taildragger aircraft 

configuration used with an aircraft maximum take-off weight (MOTW) of 600 kg with a limit ground reaction 

load factor of n = 2.1 on the landing gear according to CS 23.473 amendments. During emergency landing 

the ultimate load factor should be n = 3 in accordance with ASTM F2245. Refer to section 5.2.1, Figure 3 and 

Table 1 for different landing conditions and equations used. 

 

Table 9: Taildragger Aircraft Landing Loads (Limit Load Factor = 2.1) 

Taildragger Aircraft  

 Level Landing Tail down landing Units 

Vertical component at (CG) 12360.6 12360.6 N 

Fore and aft component at (CG) 14715 0 N 

Lateral component at (CG) 0 0 N 

Shock absorber deflection 100 100 % 

Tyre deflection static static - 

Main wheel loads (Vertical component) 8436.6 7381.77 N 

Both wheels (friction) 3090.15 0 N 

Tail/ nose wheel (Vertical component) 0 1370.67 N 

 

Table 10: Taildragger Aircraft Landing Loads (Ultimate Load Factor = 3) 

Taildragger Aircraft  

 Level Landing Tail down landing Units 

Vertical component at (CG) 17658 17658 N 

Fore and aft component at (CG) 14715 0 N 

Lateral component at (CG) 0 0 N 

Shock absorber deflection 100 100 % 

Tyre deflection static static - 

Main wheel loads (Vertical component) 13734 12016.84 N 

Both wheels (friction) 4414.5 0 N 

Tail/ nose wheel (Vertical component) 0 2231.32 N 
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Table 11: Tricycle Aircraft Landing Loads (Limit Load Factor = 2.1) 

Tricycle Aircraft  

 Level Landing with 

inclined reactions 

Level landing with 

nose just clear of 

ground 

Tail down 

landing (stall 

altitude) 

Units 

Vertical component at (CG) 12360.6 12360.6 12360.6 N 

Fore and aft component at (CG) 14715 14715 0 N 

Lateral component at (CG) 0 0 0 N 

Shock absorber deflection 100 100 100 % 

Tyre deflection static static static - 

Main wheel loads (Vertical 

component) 

4218.3 8436.6 8436.6 N 

Both wheel (friction) 1545.08 3090.15 0 N 

Tail/ nose wheel (Vertical 

component) 

4218.3 0 0 N 

 

 

Table 12: Tricycle Aircraft Landing Loads (Ultimate Load Factor = 3)  

Tricycle Aircraft  

 Level Landing with 

inclined reactions 

Level landing with 

nose just clear of 

ground 

Tail down 

landing (stall 

altitude) 

Units 

Vertical component at (CG) 17658 17658 17658 N 

Fore and aft component at (CG) 14715 14715 0 N 

Lateral component at (CG) 0 0 0 N 

Shock absorber deflection 100 100 100 % 

Tyre deflection static static static - 

Main wheel loads (Vertical 

component) 

6867 13734 13734 N 

Both wheel (friction) 2207.25 4414.5 0 N 

Tail/ nose wheel (Vertical 

component) 

6867 0 0 N 
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Refer to section 5.2.1, Figure 4, and Figure 5 for side/ braked roll loads, equation 1 for wheel-spin up loads 

during a MOTW of 600 kg.  Table 13 represents the loads obtained for side/ braked roll and wheel-spin up 

loads. 

 

Table 13: Side Loads, Wheel Spin-Up Load and Landing Gear Deflection 

Side Load Conditions 

Left Tyre 

Vertical Load 3943.62 N 

Inboard Load 2943 N 

Right Tyre 

Vertical Load 3943.62 N 

Outboard Load 1942.38 N 

Braked Roll Conditions 

Both Tyres 

Vertical Load 3943.62 N 

Rearward Load 3178.44 N 

Wheel Spin-Up Loads 

Both Tyres 

Rearward Load 17616.52 N 

 

 

From Table 9 to Table 12 according to the ASTM F2245-14 and EASA CS-23 regulations, for an aircraft 

MOTW of 600 kg the maximum ground reaction and torsional loads for limit load conditions were 8436.6 N 

and 3090.15 Nm respectively. For ultimate load conditions the maximum ground reaction and torsional loads 

were 13734 N and 4414.5 Nm respectively. Note that the angle of impact during landing varied for each load 

landing condition on both the tricycle and taildragger aircraft.  

 

In Table 13 according to the ASTM F2245-14 and EASA CS-23 regulations, the maximum ground reaction 

load during side load and braked roll landing conditions were 3943.62 N whilst during side load ñcrabbedò 

landing conditions the maximum lateral load was the inboard load of 2943 N. During wheel spin-up loads it 

was assumed that the load is only active 1 second after impact before roll-out phase.  
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7.3.2. Landing Gear Stroke Deflection 

 

Figure 26 presents how a force generates deflection when applied to the landing gear during the different 

landing conditions. As seen in the figure, the total stroke is a result of the perpendicular component of the 

ground reaction force. This diagram can be used for both the Aluminium 7075 T6 alloy and composite landing 

gear when calculating the stroke.  

 

 

Figure 26: Landing Gear Deflection Loads Diagram [14] 

 

 
Equation 8 was used to find the reaction force per tyre at different impact angles. Note that the frictional loads 

were not present in the calculations of the landing gear leg stroke deflection.   

 

 

Ὂ
 

                                                                  (8) 

 

Where: 

 

Ὂ = Reaction force (ὔ) 

Ὂ  = Vertical ground reaction component (load factor integrated) (ὔ) 

—  = Impact angle of landing gear (ὨὩὫὶὩὩί)  

 

During landing, the impact angle ranges from 0 to 14-degrees. Level landing conditions were presented by 0-

degree impact angle and landing conditions that occur during tail down, inclined, nose wheel clear, and stall 

altitude conditions was presented by a 14-degree impact angle.   
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Equation 9 was used to calculate the stroke deflection of the leaf spring landing gear leg. Note that the stroke 

deflection calculated using equation 9 did not account for the added rotational deflection obtained by the 

radius plate brackets. When doing an FEA comparison, the radius plate bracket rotational deflections should 

be eliminated.  

 

Ὓ                                                                        (9) 

 
Where: 

 

Ὓ = Stroke deflection (άά) 

— = Leg angle (ὨὩὫὶὩὩί) 

ὰ = Length of leg (άά) 

Ὁ = Youngs modulus (ὓὖὥ) 

Ὅ = Moment on inertia (άά ) 

 
The ground reaction loads can be found from Table 9 to Table 12. The leg angle of the Aluminium 7075 T6 

alloy landing gear was found to be approximately 23.6 degrees and the leg length was approximately 565.36 

mm. See Appendix B (Aluminium 7075 T6 alloy gear and Composite gear drawings) for more information 

regarding the dimensions. 

 

Equation 10 provides more information regarding the moment of inertia used during the stroke calculations: 

 

Ὅ                                                                          (10) 

Where: 

ὦ = leg thickness (άά) 

Ὤ = leg width (άά) 

 

Due to the Aluminium 7075 T6 alloy landing gear leg not being uniform in thickness and width throughout, 

it was assumed that the section of the leg with the least thickness and maximum width should be taken since 

this section occupies the most stress during each landing condition as seen in chapter 9. The thickness was 

approximately 14.2 mm and the width was approximately 53.102 mm. By taking these dimensions, an 

approximation was obtained for the vertical stroke deflections occurring during each landing conditions as 

validated in chapter 8.  

 

Equations 11 to 13 were used to obtain the reaction moment, bending stress, and safety factor within the 

landing gear leg: 

 

 

ὓ Ὂὰ                                                                     (11) 
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Where: 

 

ὓ  = Moment reaction due to ground reaction force (ὔȢάά  

Ὂ = Perpendicular force component (ὔ  

 

 

 

„                                                                   (12) 

 

Where: 

 

„  = Bending Stress (ὓὖὥ 

ὧ = Distance from neutral axis to outermost fibre (άά  

 

 

 

ὛὊ                                                                 (13) 

 

Where: 

 

ὛὊ  = Flexural yield strength safety factor (-) 

„  = Flexural yield strength (ὓὖὥ 

 

 

Table 14 and Table 15 provides the stroke deflection of the Aluminium 7075 T6 Alloy landing gear during 

the different landing conditions.  

 

Table 14: Aluminium 7075 T6 Alloy Landing Gear Deflection (Limit Load Factor = 2,1) 

Landing Condition Deflection/ Stroke 

(mm) 

Bending Stress 

(MPa) 

Safety Factor 

(Yield) 

Taildragger Aircraft  

Level Landing 19.443 191.12 2.51 

Tail Down Landing 16.507 162.26 2.96 

Tricycle Aircraft  

Level Landing (Inclined) 9.433 92.26 5.18 

Level Landing (nose just clear of 

ground) 

18.865 

 

185.45 2.59 

Tail Down Landing (stall-altitude) 18.865 

 

185.45 2.59 

Side, Braked and Wheel Spin-Up 9.088 89.34 5.37 
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Table 15: Aluminium 7075 T6 Alloy Landing Gear Deflection (Ultimate Load Factor = 3) 

Landing Condition Deflection/ Stroke 

(mm) 

Bending Stress 

(MPa) 

Safety Factor 

(Yield) 

Taildragger Aircraft  

Level Landing 31.651 311.13 1.54 

Tail Down Landing 26.871 264.14 1.82 

Tricycle Aircraft  

Level Landing (Inclined) 15.356 150.94 3.18 

Level Landing (nose just clear of 

ground) 

30.711 301.89 1.59 

Tail Down Landing (stall-altitude) 30.711 301.89 1.59 

Side, Braked and Wheel Spin-Up 9.088 89.34 5.37 

 
From the analytical results obtained the maximum stress occurred on the taildragger aircraft during level 

landing. The stress will differ during the Aluminium 7075 T6 alloy landing gear FEA analysis as seen in 

chapter 9 due to the frictional loads being present and radius plate brackets having rotational deflection.  

 

 
7.3.3. Self-Aligning Torque (Tow-in) 

 

Torque occurs on the landing gear strut as aircraft wheel touches the runway as seen in Figure 27. Frictional 

loads on the wheels in contact with the runway, braking during landing and flex of the leaf spring landing 

gear results in the inner surface of the tyre touching the runway. This action subjects the landing gear strut to 

torsion. The gear will then counteract the torsional loads to realign the wheels straight again.  

 

 

Figure 27: Aircraft Landing Tow-In and Tow-Out Wheel Self-Alignment [15]  
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Figure 28, provides the free-body diagram regarding the frictional force due to the tyres impacting the runway 

creating tow-out loads on the landing gear leg.  

 

 

Figure 28: Self-Aligning Torque Free-Body Diagram 

 

Equation 14 were used to calculate the tow-in torsional loads on the aircraft: 

 

 
 

ὓ  Ὂ  ὒ  Ⱦς ὒ   ὒ  Ⱦς            (14) 

 

Where: 

 

ὓ   = Torque created due to tyre frictional load (ὔȢάά  

Ὂ   = Tyre frictional load (ὔ  

ὒ   = Length of A3C stub axle shaft (άά  

ὒ   = Thickness of A3C axle head (άά  

ὒ   = Thickness of the gear at axle region (άά    

 

 

Equation 15 was used to calculate the torsional stress on the gear leg during landing.  Note that the torsional 

stress was only an estimate since landing gear leg has a leg arc angle was not uniform in thickness. The gear 

thickness and gear width used was 14.2 mm and 53.102 mm respectively. 

 

 

†                                                                   (15) 

 

Where: 

 

†  = Torsional stress (ὓὖὥ  

ὅ = 1st value obtained through ὥὦ ratio (-) 

ὥ = Gear thickness (άά) 

ὦ = Gear width (άά) 
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Equation 16 was used to obtain the rotational deflection of the landing gear leg due to tyre frictional resulting 

in two-out conditions. 

 

—                                                                 (16) 

 

Where: 

—  = Torsional deflection (ὨὩὫὶὩὩί) 

ὰ = Length of gear leg (άά) 

ὅ = 2nd value obtained through ὥὦ ratio (-) 

Ὃ = Shear Modulus (άά) 

 

Equation 17 was used to obtain ὅ and equation 18 was used to obtain ὅ used in equation 15. These values 

are influenced by the ratio of  ὥὦ and follow a linear line plotted on a graph. The ὥὦ ratio used during the 

calculations was 3.740. Thus, ὅ = 0.141 and ὅ = 0.405.  

 

ὅ πȢπσσὥὦ πȢπρχυ                                                            (17) 

 

ὅ πȢπχςὥὦ πȢρσφ                                                             (18) 

 

Equation 19 was used to obtain the torsional yield safety factor of the landing gear leg: 

 

ὛὊ                                                                    (19) 

 

Where: 

ὛὊ  = Torsional yield strength safety factor (-) 

„  = Torsional yield strength (ὓὖὥ) 
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In Table 16, the wheels of the aircraft were in tow-in position causing torsion on landing gear legs thus, during 

impact the wheels will be in tow-in alignment.  

 
Table 16: Self Aligning Torque Experienced by Landing Gear (Limit Load Factor = 2,1) 

Landing Condition Torque (Nm) Torsional 

Stress 

(MPa) 

Deflection 

(Degrees) 

Safety Factor 

(Torsion 

Yield) 

Taildragger Aircraft  

Level Landing 237.632 157.40 4.58 2.10 

Tail Down Landing 0 0 0 - 

Tricycle Aircraft  

Level Landing (Inclined) 118.82 72,29 2.29 4.21 

Level Landing (nose just clear 

of ground) 

237.63 144,57 4.58 2.10 

Tail Down Landing (stall-

altitude) 

0 0 0 - 

Side, Braked and Wheel Spin-

Up 

244.42 148,70 4.71 2.04 

 

 
Table 17: Self Aligning Torque Experienced by Landing Gear (Ultimate Load Factor = 3)  

Landing Condition Torque (Nm) Torsional 

Stress 

(MPa) 

Deflection 

(Degrees) 

Safety Factor 

(Torsion 

Yield) 

Taildragger Aircraft  

Level Landing 339.48 224.85 6.55 1.47 

Tail Down Landing 0 0 0 - 

Tricycle Aircraft  

Level Landing (Inclined) 169.74 112.43 3.27 2.94 

Level Landing (nose just clear 

of ground) 

339.48 224.85 6.55 1.47 

Tail Down Landing (stall-

altitude) 

0 0 0 - 

Side, Braked and Wheel Spin-

Up 

244.42 161.90 4.71 2.04 
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7.3.4. Bolt Bearing Stress 

 

AN5-23A and AN6-24A bolts manufactured using 8740 alloy steel were used when attaching the stub axle 

to the main gear as well as the brackets.  The AN6-24A bolts were used at the bottom and the AN5-23A are 

used at the top of the stub axle. The AN5-23A and AN6-24A bolts were only used for the Aluminium 7075 

T6 alloy landing gear. When designing the composite landing gear in chapter 11, different bolts were used 

since the shank length of the current bolts were too short. Figure 29 represents bearing stresses of the bolts 

acting on the material. The material must be able to withstand these loads especially when using composite 

materials.  

Figure 29: Bearing Stresses Experience by Landing Gear Material [16]  

 
Equation 20 was used to obtain the bearing stress exerted onto the main landing gear bolted region. Note the 

area that was used was the side surface of the bolt in contact with the landing gear.  

 

„                                                              (20) 

Where: 

„  = Bearing stress (ὓὖὥ 

Ὑ  = Radius of tyre (άά) 

Ὑ  = Arm radius (άά) 

Ὂ  = Frictional load (ὔ) 

ὸ  = Landing gear axle region thickness (άά) 

Ὠ  = Bolt diameter (άά) 

 
Equation 21 was used to obtain the safety factor of the gear being subjected to bearing stresses: 

 

ὛὊ                                                                (21) 

Where: 

 

ὛὊ  = Bearing stress safety factor (-) 

„  = Yield strength (ὓὖὥ  

Applied 

Load 
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Table 18: Landing Gear Material Bearing Stress (Limit Load Factor = 2,1)  

Landing Condition Bearing Stress (MPa) 

AN5 

Safety Factor 

(Yield) 

Bearing Stress (MPa) 

AN6 

Safety Factor 

(Yield) 

Taildragger Aircraft  

Level Landing 16.71 28.48 13.93 34.48 

Tail Down Landing 0 - 0 - 

Tricycle Aircraft  

Level Landing 

(Inclined) 

8.36 56.97 6.96 68.36 

Level Landing (nose just 

clear of ground) 

16.71 28.48 13.93 34.48 

Tail Down Landing 

(stall-altitude) 

0 - 0 - 

Side Load and Braked Roll 

- 17.19 27.69 14.32 33.23 

 

 
Table 19: Landing Gear Material Bearing Stress (Ultimate Load Factor = 3) 

Landing Condition Bearing Stress (MPa) 

AN5 

Safety Factor 

(Yield) 

Bearing Stress (MPa) 

AN6 

Safety Factor 

(Yield) 

Taildragger Aircraft  

Level Landing 23.87 19.94 19.90 23.93 

Tail Down Landing 0 - 0 - 

Tricycle Aircraft  

Level Landing 

(Inclined) 

11.94 39.88 9.95 47.85 

Level Landing (nose just 

clear of ground) 

23.87 19.94 19.90 23.93 

Tail Down Landing 

(stall-altitude) 

0 - 0 - 

Side Load and Braked Roll 

- 17.19 27.69 14.32 33.23 

 

 

From results obtained, the Aluminium 7075 T6 alloy landing gear withstands the bearing loads exceptionally 

well by having a minimum safety factor of 23.93 during level landing at ultimate load conditions.   
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8. FEA VALIDATIONS AND MESH INDEPENDENCE STUDY 

 

 

8.1. Introduction  

 

In this section the validation of the FEA analysis and mesh independence study is presented. The application 

of loads, constraints and mesh refinements were validated by comparison with drop tests and landing gear 

deflection calculations. The landing gear and its components was modelled and assembled using Siemens NX 

12 and the FEA analysis was done with Ansys 2023 R2 Mechanical.  

 

8.2. Landing Gear Leg Vertical Deflection Validation 

 

Figure 30 displays the main landing gear with the components that were used for the validation. The no-

separation contact type were used for the landing gear in contact with the stub axles, axle bolts, and nylock 

nuts whilst the bonded contact type was used for the radius plate brackets in contact the M12 bracket bolts. 

See Appendix B for dimensions of the landing gear 

 

 

 

Figure 30: Main Landing Gear Assembly 

 
Table 20 provides the material properties for the landing gear and its assembled components. 

 

Table 20: Material Properties (Landing Gear Assembly) 

- Al 7075 T6 

(Landing Gear) 

Al 6061 T6 

(Stub Axle) 

Al 6082 T6 

(Radius Plates) 

8740 Steel 

(Bolts and Nuts) 

Units 

Density 2800 2698.8 2698.8 7861.1 ËÇȾÍ  

Youngôs Modulus 72000 68900 69000 205 MPa 

Poissonôs Ratio 0.32 0.33 0.33 0.29 (-) 

Bulk Modulus 66667 67549 67647 162.7 MPa 

Shear Modulus 27273 25902 25940 79.457 MPa 

Tensile Yield Strength 503 276 276 861.84 MPa 

Tensile Ultimate Strength 572 310 310 930 MPa 

 

Radius Plate Brackets 

Stub Axles 

M12 Bracket Bolts 
Leaf Spring Landing Gear 

AN6 × 24A bolts/ M10 nylock nut 

AN5 × 23A bolts/ M8 nylock nut 
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8.2.1. Landing Gear Vertical Deflection FEA Load and Constraint Setup 

Figure 31, provides a 90-degree impact load application to the Aluminium 7075 T6 undercarriage whilst no 

frictional loads were applied to the stub axles. The impact angle was adjusted for each landing condition for 

both the tricycle and taildragger aircraft whereas the maximum impact-angle were 14-degrees. The limit load 

applied is equal to 4218.3 N per tyre for taildragger level landing as seen in Figure 31. 

Figure 31: Taildragger Aircraft Level Landing Load Application (Deflection Validation) 

Figure 32 provides the constrain application to the radius plates of aircraft landing gear. Equation 9 used to 

calculate the deflections does not include the rotational deflections occurring on the radius plates brackets 

thus, the fixed support is used over its surface. Equation 9 only accounts for landing gear leg deflection as the 

rotation of the radius plate brackets added an additional vertical deflection to the landing gear leg.  

 

 
Figure 32: FEA Vertical Deflection Validation (Constraint Application) 

 
Figure 33 provides the FEA results for vertical limit load and ultimate load deflections of the taildragger 

aircraft level landing. Note that the rotational deflection of the radius plate brackets was not included.  

Figure 33: FEA Vertical Deflection Validation (Taildragger Aircraft Level Landing) Limit and Ultimate Load Results  
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Table 21 and Table 22 provides the comparison between the FEA and analytical results for the landing gear 

leg deflection during limit and ultimate loads respectively. 

 

Table 21: Validation of Results and Mesh Independence Study (Landing Gear Deflection ï Limit Load) 

 

 
Table 22: Validation of Results and Mesh Independence Study (Landing Gear Deflection ï Ultimate Load) 

 

 

 

- Calculated 

Results 

(mm) 

23 mm 

Mesh 

(%error)  

20 mm 

Mesh 

(%error)  

16 mm 

Mesh 

(%error)  

13 mm 

Mesh 

(%error)  

10 mm 

Mesh 

(%error)  

Landing Gear Deflection (Taildragger Aircraft)  

Level Landing 19.443 17.998 

7.432 % 

18.150 

6.650 % 

18.183 

6.480 % 

18.101 

6.902 % 

18.106 

6.877 % 

Tail Down Landing 16.507 15.352 

6.997 % 

15.377 

6.846 % 

15.400 

6.706 % 

15.410 

6.646 % 

15.412 

6.634 % 

Landing Gear Deflection (Tricycle Aircraft)  

Level Landing (Inclined) 9.433 8.512 

9.764 % 

8.522 

9.658 % 

8.536 

9.509 % 

8.539 

9.477 % 

8.546 

9.403 % 

Level Landing (Nose 

Clear) 

18.865 17.554 

7.002 % 

17.565 

6.891 % 

17.570 

6.865 % 

17.926 

4.977 % 

17.615 

6.626 % 

Tail Down Landing (Stall 

Altitude) 

18.865 17.554 

7.002 % 

17.565 

6.891 % 

17.570 

6.865 % 

17.926 

4.977 % 

17.615 

6.626 % 

Side Load and Braked Roll 

Side Load  9.088 8.401 

7.559 % 

8.412 

7.438 % 

8.426 

7.284 % 

8.436 

7.174 % 

8.464 

6.866 % 

Braked Roll  9.088 8.401 

7.559 % 

8.412 

7.438 % 

8.426 

7.284 % 

8.436 

7.174 % 

8.464 

6.866 % 

- Calculated 

Results 

(mm) 

23 mm 

Mesh 

(%error)  

20 mm 

Mesh 

(%error)  

16 mm 

Mesh 

(%error)  

13 mm 

Mesh 

(%error)  

10 mm 

Mesh 

(%error)  

Landing Gear Deflection (Taildragger Aircraft)  

Level Landing 31.651 29.367 

7.216 % 

29.519 

6.736 % 

29.552 

6.632 % 

29.470 

6.891 % 

29.475 

6.875 % 

Tail Down Landing 26.871 25.030 

6.851 % 

25.055 

6.758 % 

25.078 

6.673 % 

25.088 

6.635 % 

25.090 

6.628 % 

Landing Gear Deflection (Tricycle Aircraft)  

Level Landing (Inclined) 15.356 14.303 

6.857 % 

14.313 

6.792 % 

14.327 

6.701 % 

14.330 

6.681 % 

14.337 

6.636 % 

Level Landing (Nose 

Clear) 

30.711 28.614 

6.828 % 

28.625 

71.916 % 

28.630 

6.776 % 

28.986 

5.617 % 

28.675 

6.630 % 

Tail Down Landing (Stall 

Altitude) 

30.711 28.614 

6.828 % 

28.625 

71.916 % 

28.630 

6.776 % 

28.986 

5.617 % 

28.675 

6.630 % 

Side Load and Braked Roll 

Side Load  9.088 8.401 

7.559 % 

8.412 

7.438 % 

8.426 

7.284 % 

8.436 

7.174 % 

8.464 

6.866 % 

Braked Roll 9.088 8.401 

7.559 % 

8.412 

7.438 % 

8.426 

7.284 % 

8.436 

7.174 % 

8.464 

6.866 % 
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8.3. Landing Gear Drop Test FEA Validation  

 

 
8.3.1. Drop test setup, by the company 

 
Drop tests were conducted on the taildragger setup loaded with 375 kg of sand bags. The aircraft frame drop 

height was 0.3 m to represent an ultimate load (emergency landing) condition and a camera was placed in 

front of the aircraft frame to capture the drop test being conducted. The tailwheel was secured onto a block to 

replicate a taildragger level landing. A 2-ton lever block weight was used to lift the aircraft frame using a 

chain and a hook attached to a steel structure. A 3-ton maximum weight crane scale was used to measure the 

weight of the aircraft frame loaded with sand bags.  

 

Figure 34:Drop Test Crane, Weight Scale and Lever Block Set Up  
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8.3.2. Drop Test FEA Load and Constraint Setup 

 

The drop test setup and load application method represent a taildragger level landing thus, the loads were 

applied the same way as in section 8.3.1. The constraint setup will differ since the drop test validation takes 

the rotational deflection of the radius plate brackets into account. As seen in Figure 35, during heavy landing 

conditions, the gear strut will deflect upwards whilst the centre section of the gear deflects downwards [17]. 

If the gear is attached too rigidly, the load will transmit to the fuselage resulting in failure in the lower 

longerons near the attached points [17].  

 

 

 
Figure 35: Radius Plate Brackets Rotational Deflection [17]  

 
Figure 36 provides the fixed support application method used for the drop test FEA validation. It is applied 

in the centre of the radius plate brackets to introduce rotation deflection during landing.  

 

 
Figure 36: Drop Test Fixed Support Application 

 
Figure 37 provides the drop test FEA vertical and horizontal deflection results at a drop weight of 375 kg and 

drop height of 0.3 m. 

Figure 37: Drop Test FEA Vertical and Horizontal Deflection Results  

53.387 mm 
124.02 mm 

33.6 mm 
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The deflections were calculated from the images by taking the actual length and dividing it by the pixel length 

to obtain a pixel to length scale. This scale can be used to obtain deflections for any other part of the landing 

gear during the drop tests. These lengths obtained from the images are also compared to the FEA results to 

ensure validation. In Figure 38 we can see the dimension of the current Aluminium 7075 T6 alloy landing 

gear that were used during the drop test validation. In Figure 39, the we can see the dimensions calculated 

using the calculated pixel to length scale. These calculated dimensions were compared to Figure 38 to make 

sure the calculated dimensions using the scale are of similar value. Note that the distance between the tyres 

varies between Figure 38 and Figure 39 since before the gear is dropped the weight of tyres bends the landing 

gear legs inwards.  

 

 
Figure 38: Aluminium 7075 T6 Landing Gear Drop Test Dimension 

 

 
Figure 39: Aluminium 7075T6 Landing Gear Pre-Drop Test (0,3 m at 375 kg) 

 

 
Figure 40: Aluminium 7075T6 Landing Gear Drop Test Maximum Horizontal and Vertical Deflection  
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The following calculations were done as seen in Figure 39 and Figure 40: 

 

 

1) Pixel to Length Reference Scale and Original Distances 

 

To find the pixel to length reference scale, the actual measured length was divided by the pixel length as seen 

in Figure 39. Note that this calculation was done before the landing gear is dropped and underwent deflection.  

 

Top Beam Section (Reference): 

 

ρςρρ ὴὭὼὰὩίσψρ ὴὭὼὩὰίψσπ ὴὭὼὩὰ ὰὩὲὫὸὬ 

ὕὶὭὫὭὲὥὰ ὒὩὲὫὸὬ ρςσωȢωψφπ άά 

ὴὭὼὩὰ ὸέ ὰὩὲὫὸὬ ὶὥὸὭέ
ρςσωȢωψφπ άά

ψσπ ὴὭὼὩὰ ὰὩὲὫὸὬ
ρȢτωτ 

Original Horizontal Distance Between Tyres: 

The pixel length is multiplied by the pixel to length scale to find the horizontal distance. 

ρσσπ ὴὭὼὰὩίςχπ ὴὭὼὩὰίρπφπ ὴὭὼὩὰ ὰὩὲὫὸὬ 

ὈὭίὸὥὲὧὩ ὦὩὸύὩὩὲ ὸώὶὩίρπφπ ὴὭὼὩὰ ὰὩὲὫὸὬ ρȢτωτ ρυψσȢφτ άά 

 

Original Vertical Distance: 

υχρ ὴὭὼὰὩίςρσ ὴὭὼὩὰίσυψ ὴὭὼὩὰ ὰὩὲὫὸὬ 

ὈὭίὸὥὲὧὩ ὦὩὸύὩὩὲ ὸώὶὩίσυψ ὴὭὼὩὰ ὰὩὲὫὸὬ ρȢτωτ υστȢψυς άά 

 

2) Vertical Top Beam Deflection 

 

As seen in Figure 40, the top beam section was located just beneath the aircraft fuselage.  

 

 

τςω ὴὭὼὩὰίτπψ ὴὭὼὩὰίςρ ὴὭὼὩὰ ὰὩὲὫὸὬ 

ὠὩὶὸὭὧὥὰ ὸέὴ ὦὩὥά ὨὩὪὰὩὧὸὭέὲςρ ὴὭὼὩὰ ὰὩὲὫὸὬ ρȢτωτ σρȢσχτ άά 

 

3) Landing Gear Vertical Deflection 

 

 

χςω ὴὭὼὩὰίτπψ ὴὭὼὩὰίσςρ ὴὭὼὩὰ ὰὩὲὫὸὬ 

ὠὩὶὸὭὧὥὰ ὨὭίὸὥὲὧὩσςρ ὴὭὼὩὰ ὰὩὲὫὸὬ ρȢτωτ τχωȢυχτ άά 

ὃὧὸόὥὰ ὺὩὶὸὭὧὥὰ ὨὩὪὰὩὧὸὭέὲυστȢψυς άά τχωȢυχτ υυȢςχψ άά 
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4) Landing Gear Horizontal Deflection 

 

 
ρτρψ ὴὭὼὩὰίςπρ ὴὭὼὩὰίρςρχ ὴὭὼὩὰ ὰὩὲὫὸὬ 

ὌέὶὭᾀέὲὸὥὰ ὨὭίὸὥὲὧὩρςρχ ὴὭὼὩὰ ὰὩὲὫὸὬ ρȢτωτ ρψρψȢρωψ άά 

ὃὧὸόὥὰ ὬέὶὭᾀέὲὸὥὰ ὨὩὪὰὩὧὸὭέὲρψρψȢρωψ άά ρυψσȢφτ άά ςστȢυυψ άά 

ὈὭὺὭὨὩ ὦώ ὸύέ ὸέ ὫὩὸ ὬέὶὭᾀέὲὸὥὰ ὨὩὪὰὩὧὸὭέὲ ὴὩὶ ὸώὶὩ ὸὬόίȟὫὭὺὭὲὫ ρρχȢςχω άά 

 

Table 23 provides the error percentage between the mesh independence study comparison between the 

analytical and FEA results for the drop test validation.  

 
Table 23: Validation of Results and Mesh Dependence Study (Drop Test) 

 

To ensure reliability of the findings presented in Table 23, the uncertainty was calculated below based on the 

margin of error when taking the pixel length measurements as seen in Figure 39 and Figure 40. The aim is to 

predict the inherent inaccuracies in the results to evaluate the conclusions drawn from the data presented in 

Table 23. In this study presented, a change in 5% to 10% of the original pixel length was evaluated to see the 

change occurring in the pixel to length ratio and its effect on the calculated deflections. This is due to the pixel 

to length ratio making use of the actual length of the landing gear section. Note that the original pixel to length 

ratio calculated was 1.494 with a corresponding pixel length of 830.  

 

Table 24: Drop Test Pixel to Length Ratio Uncertainties 

Percentage change -10% -5% 0% +5% +10% 

Calculated Pixel Length 747 788.5 830 871.5 913 

Pixel to Length Ratio 1.660 1.573 1.494 1.423 1.358 

Vertical Deflection (Top 

Beam) 

34.859 33.024 31.374 29.879 28.521 

Vertical Deflection 

(Landing Gear) 

61.418 58.186 55.276 52.644 50.251 

Horizontal Deflection 

(Landing Gear) 

106.614 111.691 117.279 

 

123.448 130.306 

- Calculated 

Results 

(mm) 

23 mm 

Mesh 

(%error)  

20 mm 

Mesh 

(%error)  

16 mm 

Mesh 

(%error)  

13 mm 

Mesh 

(%error)  

10 mm 

Mesh 

(%error)  

Drop Test 

Vertical Deflection 

(Top Beam) 

31.374 33.484 

6.899 % 

33.50 

6.943 % 

33.507 

6.963 % 

33.529 

7.024 % 

33.6 

7.220 % 

Vertical Deflection 

(Landing Gear) 

55.276 53.051 

4.025 % 

53.185 

3.783 % 

53.230 

3.701 % 

53.29 

3.593 % 

53.387 

3.417 % 

Horizontal Deflection 

(Landing Gear) 

117.279 

 

123.833 

5.293 % 

123.99 

5.413 % 

124.082 

5.483 % 

124.136 

5.524 % 

124.23 

5.595 % 
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Figure 41 provides a visualisation with regards to the uncertainty of the pixel to length ratio and the 

deflection compairsons betweent the FEA and analytical results.  

 
Figure 41: Drop Test Pixel to Length Ratio vs Deflection Uncertainties 

 
8.4. Load/ Constrain Application and Mesh Independence Study Summary 

 

 

In conclusion, the analysis conducted through FEA assumed that the load was applied gradually and remained 

constant whereas the physical drop test involved dynamic loading where the gear experienced sudden impact 

and varying loads during the impact phase which resulted in initial impact, rebound and possibly secondary 

impacts. Another uncertainty which could be presented was the boundary conditions defined during the FEA 

analysis such as the constraint application at the radius plate brackets. During the physical tests, the boundary 

conditions were more complex and less controlled, considering the frictional forces between the tyres and 

ground during impact. The deflection results obtained through FEA analysis and analytical pixel calculations 

were within a 10% error range. The usage of the 10% error range signified a reasonable level of agreement 

between the numerical and analytical results due to the complexities and uncertainties inherent between the 

FEA results and physical tests. Thus, it should be considered that the static FEA provided valuable insights 

with regards to the structural behaviour of the landing gear, but physical drop tests were crucial for validating 

these simulations by capturing the dynamic effects that occur during a real-world drop test scenario. Thus, we 

can conclude that the load application on the stub axles and constraint application to the radius plate brackets 

in Ansys were a close approximate according to the real-world physical drop tests conducted.     
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9. ALUMINIUM LANDING GEAR ANALYSIS  

 

 

9.1. Introduction  

 

In this section a FEA analysis was conducted on the current Aluminium 7075T6 alloy landing gear loaded 

with all landing conditions at a maximum weight of 600 kg at limit load and ultimate load conditions. All 

loads were presented in Table 9 and Table 12. All load/constraint and mesh application were done using 

validated methods conducted in chapter 8.  

 

9.2. Mesh Application 

 

A 10 mm mesh size were used on the Aluminium 7075 T6 alloy landing gear, stub axle, bolts, and nuts as 

validated in chapter 8. Figure 42 presents the 10 mm mesh application to the landing gear and assembled 

components. 

 

 
Figure 42: Mesh Application to Aluminium 7075 T6 Alloy Landing Gear 

 
9.2.1. Taildragger Aircraft  

 

9.2.1.1. Taildragger Level landing 

 

The landing gear at limit load conditions was subjected to main wheel ground reaction loads of 8436.6 N and 

3090.15 N in frictional loads on the main tyres. The average wheel size with hub and tyre is 10 inches thus, a 

5-inch radius with resulting torque loads on the stub axles being 392.449 Nm. At ultimate load the ground 

reaction load was 13734 N and 4414.5 N in frictional loads thus, applying a torque load on the stub axles of 

560.642 Nm. It was assumed that the landing gear impacted the runway vertically with a 90-degree angle.  

 

Figure 43: Taildragger Level Landing Aluminium Landing Gear Load Application (FEA Limit Load)  

Gear: 10 mm Radius Plates 

and M12 bolts:  

10 mm 

Stub 

axles: 

10 mm 

Axle bolts 

and nuts: 

10 mm 
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Figure 44: Aluminium Landing Gear Level Landing FEA Limit Load X, Y, Z Deformation Results (Taildragger) 

 

Figure 45: Aluminium Landing Gear Level Landing FEA Ultimate Load X, Y, Z Deformation Results (Taildragger) 

During level landing of the taildragger aircraft, at limit load conditions the observed stress on the surface of 

the main gear was 375.29 MPa, whereas the maximum was stress through the main gear leg was 

approximately 291.9 MPa as seen in Figure 55. The yield strength of Aluminium 7075 T6 was 480 MPa thus, 

having a yield safety factor of 1.644 at limit load landing conditions. For ultimate load conditions seen in 

Figure 47 in the stress was 606.17 MPa on the surface whereas for the maximum stress throughout the main 

gear, the FEA results show approximately 471.47 MPa. The ultimate strength of Aluminium 7075 T6 was 

540 MPa resulting in an ultimate strength safety factor of 1.145 near the surface of the gear at ultimate load 

landing conditions. The stress reduces as the measurement was taken closer to the middle of the gear strut 

increasing the ultimate safety factor during ultimate (emergency loads).  

122.33 mm 53.125 mm 

7.467 mm 

199.11 mm 86.345 mm 

10.848 mm 
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Figure 46: Aluminium Landing Gear Level Landing Limit Load FEA Stress Results (Taildragger) 

Figure 47: Aluminium Landing Gear Level Landing Ultimate Load FEA Stress Results (Taildragger) 

In Figure 48, the left image provides equivalent elastic strain for limit loads and right image for ultimate loads 

during taildragger aircraft level landing. 

Figure 48: Aluminium Landing Gear Level Landing Limit and Ultimate Load FEA Strain Results (Taildragger) 

 
In conclusion, during level landing of the taildragger aircraft, the X, Y and Z limit load deformations were 

122.33 mm, 53.125 mm and, 7.464 mm respectively. The limit load stress on landing gear was approximately 

291.9 MPa resulting in a yield strength safety factor of 1.644 whilst the limit load strain on the gear was 

0.0052147 mm/mm. At ultimate load conditions the X, Y and Z deformations were 199.11 mm, 86.345 mm 

and, 10.848 mm respectively. The ultimate load stress on the landing gear was approximately 471.47 MPa 

resulting in an ultimate strength safety factor of 1.145 whilst the strain on the gear was 0.0084227 mm/mm. 

 
9.2.1.2. Taildragger Tail down landing 

 

The landing gear was subjected to main wheel ground reaction loads of 7381.8 N during limit load conditions 

and 12016.84 N during ultimate load conditions according to Table 9 and Table 10. There were no frictional 

loads applied to the main wheels according to ASTM standards. It was assumed that the main landing gear 

would impact the runway at a 14-degree angle for a taildragger tail down landing according to Figure 3.  

375.29 MPa 

291.9 MPa 

606.17 MPa 

471.47 MPa 

0.0052147 mm/mm 
0.0084227 mm/mm 
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Figure 49: Taildragger Tail Down Landing Aluminium Landing Gear Load Application (FEA) 

 

Figure 50: Aluminium Landing Gear Tail Down Landing Limit Load FEA X, Y, Z Deformation Results (Taildragger) 

 

Figure 51:Aluminium Landing Gear Tail Down Landing Ultimate Load FEA X, Y, Z Deformation Results (Taildragger) 

103.63 mm 
44.59 mm 

4.523 mm 

168.7 mm 72.588 mm 

72.588 mm 
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During the taildragger tail down landing at limit load condition the stress on the surface of the main gear was 

328.78 MPa. The stress within the gear was approximately 255.72 MPa resulting in a yield safety factor of 

1.877. During ultimate load conditions the maximum stress were on the surface of the gear at 535,22 MPa. 

The stress throughout the gear was approximately 416.29 MPa resulting in a yield safety factor of 1.153 in 

the leg strut whilst having an ultimate safety factor of 1.393 near the surface of the landing gear strut. 

Figure 52: Aluminium Landing Gear Tail Down Limit Load Landing FEA Stress Results (Taildragger) 

Figure 53: Aluminium Landing Gear Tail Down Ultimate Load Landing FEA Stress Results (Taildragger) 

In Figure 54 the left image provides equivalent elastic strain for limit loads and right image for ultimate loads 

during taildragger aircraft tail down landing. 

Figure 54: Aluminium Landing Gear Tail Down Limit and Ultimate Load Landing FEA Strain Results (Taildragger) 

 
In conclusion, during tail down landing of the taildragger aircraft at limit load conditions, the X, Y and Z 

deformations were 103.63 mm, 44.59 mm and, 4.5231 mm respectively. The limit load stress on landing gear 

was approximately 255.72 MPa resulting in a yield strength safety factor of 1.877 whilst the strain on the gear 

was 0.004569 mm/mm. At ultimate load conditions the X, Y and Z deformations were 168.7 mm, 72.588 mm 

and, 7.363 mm respectively. The ultimate load stress on the landing gear was approximately 416.29 MPa 

resulting in an ultimate strength safety factor of 1.393 whilst the strain on the gear was 0.0074375 mm/mm. 

328.72 MPa 

535.22 MPa 

255.72 MPa 

416.29 MPa 

0.0052147 mm/mm 0.0052147 mm/mm 
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9.2.2 Tricycle Aircraft  

 

 

9.2.2.1 Tricycle Level landing with Inclined Reactions 

 

 

The landing gear at limit load conditions was subjected to main wheel ground reaction loads of 4218.3 N and 

1545.08 N in frictional loads on the main tyres in contact with the runway during level landing of the tricycle 

aircraft. The torque loads on each stub axle were 196.225 Nm. At ultimate load the ground reaction load was 

6867 N and 2207.25 N in frictional loads thus, applying a torque load on each stub axle of 280.321 Nm. It 

was assumed that the landing gear impacts the runway with a 14-degree angle during tricycle aircraft level 

landing with inclined reactions. 

 

Figure 55: Tricycle Level Landing (Inclined Reactions) Aluminium Landing Gear Load Application (FEA) 

 

Figure 56: Aluminium Landing Gear Level Landing (Inclined Reactions) Limit Load FEA X, Y, Z Deformation Results (Tricycle) 

 

 

 

59.437 mm 25.582 mm 

0.86034 mm 

MPa 
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Figure 57: Aluminium Landing Gear Level Landing (Inclined Reactions) Ultimate Load FEA X, Y, Z Deformation Results (Tricycle) 

 

During tricycle aircraft level landing with inclined reactions for the limit load condition the stress on the 

surface of the main gear was 176.28 MPa. The stress throughout the gear was approximately 137.1 MPa 

resulting in a yield safety factor of 3.501. For the ultimate load condition, the stress on the surface of the gear 

was 289.01 MPa. The stress throughout the gear was approximately 224.79 MPa resulting in a yield safety 

factor of 2.135 thus, the gear would survive emergency landing conditions during tricycle level landing with 

inclined reactions. 

 

Figure 58: Aluminium Landing Gear Level Landing (Inclined Reactions) Limit Load FEA Stress Results (Tricycle) 

Figure 59: Aluminium Landing Gear Level Landing (Inclined Reactions) Ultimate Load FEA Stress Results (Tricycle) 

 

96.715 mm 

MPa 
41.581 mm 

MPa 

0.74732 mm 

MPa 

176.28 MPa 

137.1 MPa 

289.01 MPa 

224.79 MPa 
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Figure 60  provides equivalent elastic strain for limit loads and right image for ultimate loads during tricycle 

aircraft level landing with inclined reactions. 

 

Figure 60: Aluminium Landing Gear Level Landing (Inclined Reactions) Limit and Ultimate Load FEA Strain Results (Tricycle) 

 

In conclusion, during level landing (inclined reactions) of the tricycle aircraft at limit load conditions, the X, 

Y and Z deformations were 59.437 mm, 25.582 mm and, 0.86034 mm respectively. The stress on landing 

gear was approximately 137.1 MPa resulting in a yield strength safety factor of 3.501 whilst the strain on the 

gear was 0.0024497 mm/mm. At ultimate load conditions the X, Y and Z deformations were 96.715 mm, 

41.581 mm and, 0.74732 mm respectively. The stress on the landing gear was approximately 224.79 MPa 

resulting in a yield strength safety factor of 2.135 whilst the strain on the gear was 0.0040163 mm/mm. 

 

 

9.2.2.2 Tricycle Level landing with Nose Wheel Just Clear of Ground 

 

 

The landing gear under limit load conditions was subjected to main wheel ground reaction loads of 8436.6 N 

and 3090.6 N in frictional loads on the main tyres in contact with the runway during tricycle aircraft level 

landing with nose wheel just clear of ground. The torque loads on each stub axle were 392.449 Nm. At 

ultimate load the ground reaction load was 13734 N and 4414.5 N in frictional loads thus, applying a torque 

load on each stub axle of 560.641 Nm. It was assumed that the landing gear impacts the runway with a 14-

degree angle during tricycle aircraft level landing with nose wheel just clear of ground.  

 

Figure 61: Tricycle Level Landing (Nose Wheel Clear) Aluminium Landing Gear Load Application (FEA)  

0.0024497 mm/mm 0.0040163 mm/mm 
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Figure 62: Aluminium Landing Gear Level Landing (Nose Wheel Clear) Limit Load FEA X, Y, Z Deformation Results (Tricycle) 

 

 
Figure 63: Aluminium Landing Gear Level Landing (Nose Wheel Clear) Ultimate Load FEA X, Y, Z Deformation Results (Tricycle) 

 

During tricycle aircraft level landing with nose wheel just clear of ground for the limit load condition the 

stress on the surface of the main gear was 352.53 MPa. The stress throughout the gear was approximately 

274.19 MPa resulting in a yield safety factor of 1.751. For ultimate load conditions the stress on the surface 

of the gear was 578.02 MPa. The stress throughout the gear was approximately 449.57 MPa resulting in an 

ultimate safety factor of 1.201. 

 

 

118.87 mm 

51.161 mm 

1.7208 mm 

193.41 mm 83.165 mm 

1.495 mm 
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Figure 64: Aluminium Landing Gear Level Landing (Nose Wheel Clear) Limit Load FEA Stress Results (Tricycle) 

 

Figure 65: Aluminium Landing Gear Level Landing (Nose Wheel Clear) Ultimate Load FEA Stress Results (Tricycle) 

 

Figure 66 provides the equivalent elastic strain for limit load and ultimate load conditions during tricycle 

aircraft level landing with nose wheel just clear of ground. 

 

Figure 66: Aluminium Landing Gear Level Landing (Nose Wheel Clear) Limit and Ultimate Load FEA Strain Results (Tricycle) 

 
In conclusion, during level landing with nose wheel just clear of ground for the tricycle aircraft at limit load 

conditions, the X, Y and Z deformations were 118.87 mm, 51.161 mm and, 1.721 mm respectively. The stress 

on landing gear was approximately 274.14 MPa resulting in a yield strength safety factor of 1.751 whilst the 

strain on the gear was 0.00490 mm/mm. At ultimate load conditions the X, Y and Z deformations were 193.41 

mm, 83.165 mm and, 1.495 mm respectively. The stress on the landing gear was approximately 449.57 MPa 

resulting in an ultimate strength safety factor of 1.201 whilst the strain on the gear was 0.0080325 mm/mm. 

 

  

352.53 MPa 

274.19 MPa 

578.02 MPa 

449.57 MPa 

0.0048989 mm/mm 0.0080325 mm/mm 
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9.2.2.3 Tricycle Tail Down Landing (Stall Attitude) 

 

The landing gear was subjected to main wheel ground reaction loads of 8436.6 N during limit load conditions 

and 13734 N during ultimate load conditions. There were no frictional loads on the main wheels according to 

ASTM standards. It was assumed that the main landing gear would impact the runway at a maximum 14-

degree angle for a tricycle aircraft tail down landing during stalling attitude conditions.  

 

Figure 67:Tricycle Level Landing (Stall Attitude) Aluminium Landing Gear Load Application (FEA) 

Figure 68: Aluminium Landing Gear Level Landing (Stall Attitude) Limit Load FEA X, Y, Z Deformation Results (Tricycle 

Figure 69: Aluminium Landing Gear Level Landing (Stall Attitude) Ultimate Load FEA X, Y, Z Deformation Results (Tricycle) 

188.44 mm 

50.962 mm 

5.1694 mm 

192.81 mm 
82.961 mm 

8.4153 mm 
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During tricycle aircraft level landing for stalling attitude conditions during limit load condition the stress on 

the surface of the main gear was 375.67 MPa. The stress throughout the gear was approximately 292.26 MPa 

resulting in a yield strength safety factor of 1.642. For ultimate load conditions the stress on the surface of the 

gear was 634.67 MPa. The stress throughout the gear was approximately 475.77 MPa resulting in an ultimate 

strength safety factor of 1.135.  

 

Figure 70: Aluminium Landing Gear Level Landing (Stall Attitude) Limit Load FEA Stress Results (Tricycle) 

Figure 71: Aluminium Landing Gear Level Landing (Stall Attitude) Ultimate Load FEA Stress Results (Tricycle) 

In Figure 72 the left image provides equivalent elastic strain for limit loads and right image for ultimate loads 

during tricycle aircraft stall attitude landing. 

Figure 72: Aluminium Landing Gear Level Landing (Stall Attitude) Limit and Ultimate Load FEA Strain Results (Tricycle) 

 
In conclusion, during (stall attitude) level landing for the tricycle aircraft at limit load conditions, the X, Y 

and Z deformations were 118.44 mm, 50.962 mm and, 5.169 mm respectively. The stress on landing gear was 

approximately 292.26 MPa resulting in a yield strength safety factor of 1.642 whilst the strain on the gear was 

0.00522 mm/mm. At ultimate load conditions the X, Y and Z deformations were 192.81 mm, 82.961 mm and, 

8.415 mm respectively. The stress on the landing gear was approximately 475.77 MPa resulting in an ultimate 

strength safety factor of 1.135 whilst the strain on the gear was 0.0085002 mm/mm.  

0.0052216 mm/mm 

375.76 MPa 

292.26 MPa 

611.7 MPa 

475.77 MPa 

0.0085002 mm/mm 
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9.2.3 Side Load and Braked Roll 

 

 

9.2.3.1 Taildragger and Tricycle Side Loads 

 

During side load landing condition at a maximum aircraft take-off weight of 600 kg, the landing gear was 

subjected to main wheel ground reaction loads of 3943.62 N. The inboard frictional load was 2943 N resulting 

in torque loads of 373.761 Nm whilst the outboard frictional load was 1942.38 N resulting in a torque load of 

246.682 Nm. It was assumed that the landing gear impacts the runway at a 90-degree angle. See Figure 4, for 

representation of side load condition.  

 

Figure 73: Aluminium Landing Gear Side Loads FEA Load Application 

Figure 74: Aluminium Landing Gear Side Load FEA Stress Results 

 
As seen in Figure 75, during side load conditions when landing with a MTOW of 600 kg, the stress 

experienced on the surface of the gear was 262.95 MPa. The stress experience throughout the main gear was 

approximately 204.55 MPa which results in a yield strength safety factor of 2.347. 

 

Figure 75: Aluminium Landing Gear Side Loads FEA Deformation Results 

 

 

30.744 mm 77.477 mm 

262.95 MPa 
204.55 MPa 
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Figure 76: Aluminium Landing Gear Side Loads FEA Strain Results 

 
In conclusion, during side load landing for the taildragger and tricycle aircraft at MTOW of 600 kg, the X, Y 

and Z deformations were 77.477 mm, 30.744 mm and, 0 mm respectively. The stress on landing gear was 

approximately 204.55 MPa resulting in a yield strength safety factor of 2.347 whilst the strain on the gear was 

0.00365 mm/mm.  

 

9.2.3.2 Taildragger and Tricycle Braked Roll Loads 

 

During side load landing condition, the landing gear was subjected to main wheel ground reaction loads of 

3943.62 N. The rearward frictional loads on both tyres were 3178.44 N resulting in a torque load around both 

the stub axles of 246.682 Nm. It was assumed that the landing gear impacts the runway at a 90-degree angle.   

 

Figure 77: Aluminium Landing Gear Braked Roll Loads FEA Load Application 

Figure 78: Aluminium Landing Gear Braked Roll Loads FEA Deformation Results 

0.0036531 mm/mm 

57.25 mm 
24.938 mm 

4.5471 mm 
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As seen in Figure 79, during side load conditions when landing with a MOTW of 600 kg, the stress 

experienced on the surface of the gear was 179.48 MPa. The stress experience throughout the main gear was 

approximately 139.6 MPa which resulting in a yield strength safety factor of 3.438.  

 

Figure 79: Aluminium Landing Gear Landing Braked Roll Loads FEA Stress Results  

 

 
Figure 80: Aluminium Landing Gear Braked Roll Loads FEA Strain Results 

 

In conclusion, during braked roll landing for the taildragger and tricycle aircraft at MTOW of 600 kg, the X, 

Y and Z deformations were 57.25 mm, 24.938 mm and, 4.547 mm respectively. The stress on landing gear 

was approximately 139.6 MPa resulting in a yield strength safety factor of 3.438 whilst the strain on the gear 

was 0.0024939 mm/mm.  

 

 

  

0.0024939 mm/mm 

179.48 MPa 

139.6 MPa 
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9.3 Aluminium 7075 T6 Landing Conditions FEA Results 

 

Table 25 and Table 26 provides a summary of all the FEA results obtained for the Aluminium 7075 T6 landing 

gear during limit and ultimate load conditions. The maximum stress occurred during a taildragger level 

landing and tricycle tail down landing (stall altitude) due to higher ground reaction loads. These two landing 

conditions should be further inspected when conducting physical tests to obtain a new composite design 

 
Table 25: Aluminium 7075T6 Landing Gear Limit Loads FEA Results 

Landing Condition x-deform y-deform z-deform Stress Strain Yield 

SF 

Ultimate 

SF 

- mm mm mm MPa mm/mm - - 

Taildragger Aircraft  

Level Landing 122.33 

 

53.125 7.467 

 

291.9 0.00521 1.644 1.850 

Tail Down Landing 103.63 44.59 4.523 255.72 0.00457 1.877 2.392 

Tricycle Aircraft  

Level Landing 

(Inclined Reactions) 

59.437 25.582 0.860 137.1 0.00245 3.501 3.939 

Level Landing (Nose 

Clear) 

118.87 51.161 1.721 274.19 0.00490 1.751 1.969 

Tail Down Landing 

(Stall Attitude) 

118.44 50.962 5.169 292.26 0.00522 1.642 1.848 

Additional Landing  

Side Load 77.477 30.744 0 204.55 0.00365 2.347 2.640 

Braked Roll 57.25 24.938 4.547 139.6 0.00249 3.438 3.725 

 

 
Table 26: Aluminium 7075T6 Landing Gear Ultimate Loads FEA Results (Emergency Landing) 

Landing Condition x-deform y-deform z-deform Stress Strain Yield 

SF 

Ultimate 

SF 

- mm mm mm MPa mm/mm - - 

Taildragger Aircraft  

Level Landing 199.05 86.345 10.848 471.47 0.00842 1.018 1.145 

Tail Down Landing 168.7 72.588 7.363 416.29 0.00744 1.153 1.393 

Tricycle Aircraft  

Level Landing 

(Inclined Reactions) 

96.715 41.581 0.747 224.79 0.00402 2.135 2.402 

Level Landing (Nose 

Clear) 

193.41 83.165 1.495 449.57 0.008033 1.068 1.201 

Tail Down Landing 

(Stall Attitude) 

192.81 82.961 8.415 475.77 0.00850 0.991 1.135 

Additional Landing  

Side Load 77.477 30.744 0 204.55 0.00365 2.347 2.640 

Braked Roll 57.25 24.938 4.547 139.6 0.00249 3.438 3.725 
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10 COUPON STUDY  

 
10.2 Introduction  

 

In this section coupons consisting of (wet layup and prepreg) epoxy e-glass fibres were compared to an 

Aluminium 7075 T6 coupon under tension, compression, bending and torsion. With regards to manufacturing 

the main undercarriage, different combinations of fibre orientations could also be used to provide information 

on the desired stack-up sequence based on loads experienced during landing. The analytical calculations were 

also compared to the FEA results using classical lamination theory to ensure that the FEA results obtained 

were correct.   

 

10.3 Coupon Setup 

 

All coupons will have the dimensions of 250×25×4 mm. The composite coupons have 3 different layups such 

as [0/90/90/0, 0/45/45/0, and 0/90/45/0] and a mesh element size of 2 mm was used during FEA analysis. The 

coupon load application is as follows: 5000 N for tensile and compressive loads, -18750 N.mm for bending 

and 5000 N.mm for torsion on the coupons. These loads were specifically chosen to reach the maximum stress 

and strain limits of epoxy e-glass fibres during tension, compression, bending and, torsion before failure.  

 
10.4 Coupon Material Specification 

 
Table 27 and Table 28 provides the material specifications for unidirectional epoxy e-glass (prepreg) and 

unidirectional and epoxy e-glass (wet). The material data was taken from Ansys material library. The material 

specifications for Aluminium 7075 T6 can be found in Table 20.  

 

Table 27: Epoxy E-Glass UD Prepreg Material Specification in Ansys 
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Table 28: Epoxy E-Glass UD Wet Layup Material Specification in Ansys 

 

 

The weight comparison between the Aluminium 7075 T6 coupon, epoxy e-glass wet layup and epoxy e-glass 

prepreg shown in Figure 81. Epoxy e-glass wet layups typically consist of a 50:50 percent weight ratio 

between the resin epoxy and fibres whilst the epoxy e-glass prepregs consist of a 35:65 resin epoxy to fibre 

weight ratio percentage. The epoxy e-glass prepreg was determined to be approximately 28% lighter and the 

epoxy e-glass wet layup approximately 34% lighter than Aluminium 7075 T6 coupon. The stress, strain and 

safety factors were analysed for different fibre orientations for both the wet layup and prepreg to conclude a 

final decision for a composite alternative.   

 

 
Figure 81: Coupons Specimen Weight Comparison 
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10.5 Aluminium 7075 T6 Calculation Theory and Load Application 

 

 
In this section the method and theory are provided for the stress, strain, and safety factor calculations which 

was used to validate the Aluminium 7075 T6 coupon FEA analysis. The load applications seen from Figure 

82 to Figure 84 was also used during the composite coupon analysis.  

 
1) Aluminium 7075 T6 Coupon Tensile and Compressive Load: 

 

 

 
Figure 82: Coupons Tensile and Compressive Load Application 

 

„ Ⱦ
Ⱦ

                                              (22) 

 

Where: 

 

„ Ⱦ  = Tensile/ compressive stress (ὓὖὥ) 

Ὂ Ⱦ  = Tensile/ compressive force (ὔ) 

ὃ = Area of load application (άά ) 

 

 

‐ Ⱦ
Ⱦ

                                              (23) 

Where: 

 

‐ Ⱦ  = Tensile/ compressive strain (άάȾάά) 

Ὁ = Youngôs modulus (ὓὖὥ)    

 

 

 

2) Aluminium 7075 T6 Beam Bending Load: 

 

 

 
Figure 83: Coupons Bending Load Application 
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ὓ Ὂ ὒ                                                                 (24) 

Where: 

 

ὓ  = Bending moment (ὔȢάά) 

Ὂ  = Applied bending force (ὔ) 

ὒ = Length of coupon (άά) 

 

 

„                                                                  (25) 

Where: 

 

„  = Bending stress (ὓὖὥ) 

ὧ = Distance from neutral axis to outermost fibre (άά  

Ὅ = Moment of inertia (άά   

 

   

 

‐                                                                  (26) 

 

Where: 

 

‐  = Bending strain (άάȾάά)    

 

 

3) Aluminium 7075 T6 Beam Torsion: 

 

 

 
Figure 84: Coupons Torsional Load Application 

 

†           πȟρφ ὫὭὺὩί ὅ πȟπςψ                                       (27) 

Where: 

 

†  = Torsional stress (ὓὖὥ) 

Ὕ = Torsional moment (ὔȢάά) 

ὅ = 1st value obtained through ὥὦ ratio, refer to equation 17 to obtain values for ὅ (-) 

ὥ = Coupons thickness (άά) 

ὦ = Coupon width (άά) 

 

 

‐                                                                              (28) 

Where: 

 

‐  = Torsional strain (άάȾάά) 
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10.6 Aluminium 7075 T6 Coupon 

 

The following analysis is used as a reference example that was compared to both the epoxy e-glass wet layup 

and epoxy e-glass prepreg coupons in section 10.7.  

 

10.6.2 Aluminium 7075 T6 Coupon FEA Results  

 

In Figure 85 the stress and strain on the coupons were 49.875 MPa and 0.0006927 mm/mm respectively 

during a 5000 N tensile load.  

 

Figure 85: Aluminium 7075 T6 Coupon, Stress and Strain (Tension) 

 
In Figure 86 the stress and strain on the coupons were -49.875 MPa and -0.0006927 mm/mm respectively 

during a 5000 N compressive load. 

 

Figure 86: Aluminium 7075 T6 Coupon Stress and Strain (Compression) 

 

Figure 87 provides the results for the Aluminium 7075 T6 coupon under -75 N bending load resulting in an 

18750 N.mm moment around the fixed support on the opposite end. The stress and strain on the coupons 

were-141.05 MPa and 0.0019434 mm/mm respectively. 

 

Figure 87: Aluminium 7075 T6 Coupon Stress and Strain (Beam Bending) 
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Figure 88 provides the results for the Aluminium 7075 T6 coupon under 5000 N.mm torsional load. The stress 

and strain on the coupons were 71.882 MPa and 0.00099836 mm/mm respectively. 

 

Figure 88: Aluminium 7075 T6 Coupon Stress and Strain (Beam Torsion) 

 
Table 29, provide the FEA results, hand calculations and percentage error results for the Aluminium 7075 T6 

coupon under tension, compression, bending, and torsion. 

 
Table 29: Aluminium 7075 T6 and Epoxy E-Glass Coupon Analysis Results  

 

 

 

 

 

 

 

 

 

 

 

 
In conclusion, from FEA results obtained in Table 29, the Aluminium 7075 T6 alloy coupon had the highest 

yield strength safety factors for tension and compression loads whereas being the weakest during bending 

loads. The coupon experienced the least strain during tension and compression loads whilst experiencing the 

most strain during torsional load conditions.  

  

Load Type Stress 

(FEA) 

Stress 

(Analytical ) 

Strain 

(FEA) 

Strain 

(Analytical)  

Yield  

Safety Factor 

- MPa MPa mm/mm mm/mm - 

Tension 49.875 50 

0.25 % 

0.0006927 0.0006944 

0,24 % 

9.624 

Compression -49.875 -50 

0.25 % 

-0.0006927 -0.0006944 

0,24 % 

9.624 

Bending 141.05 140.625 

0.3 % 

0.009434 0.009531 

1,02 % 

3.403 

Torsion 71.882 71.685 

0.274 % 

0.0099836 0.0099562 

0.275 % 

6.678 
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10.7 Composite Matrix Calculation (Classical Lamination Theory) 

 
In this section the method and theory are provided for composite matrix calculations which was used to 

validate the epoxy e-glass (prepreg and wet layup) FEA analysis.  

 

Equation 30 is referred to the Reduced Stiffness (or Constitutive) matrix. This matrix was used since it formed 

the basis for all subsequent laminate stress analysis, and was the first step taken once the elastic constants 

were known. Note that ὗ can be different for each layer in the laminate. Thus, while the strain variation 

through the laminate was linear, the stress variations were not necessarily so [9].  

 

 

ὗ

ὗ ὗ π
ὗ ὗ π
π π ὗ

                                                             (30) 

 

 

The following equations was used to find the elastic constants of the composite. The find the values used in 

equation 31 to equation 35, the refer to Table 27 or Table 28 depending on wet layup or prepreg calculation.  

 

ὗ                                                                    (31) 

 

ὗ                                                                    (32) 

 

ὗ                                                                    (33) 

 

ὗ Ὃ                                                                    (34) 

 

ὺ ὺ                                                                    (35) 

 

 

Table 30 provides the coupon fibre orientations used in the transformation matrices Ὕ  and Ὕ  to find the 

transformed reduced stiffness matrix ὗ.  

 
Table 30: Coupons Fibre Orientations for Composite Matrix Calculations 

Fibre Layer Fibre Orientations (Degrees) 

(-) Coupon 1 Coupon 2 Coupon 3 

1 0 0 0 

2 90 45 90 

3 90 45 45 

4 0 0 0 
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As seen in Figure 89, consider the fibre layer at an angle — to the reference axis. This angle was used in the 

transformation matrices to obtain the transformed reduced stiffness matrix for each fibre layer as shown by 

equation 36. 

 
Figure 89: Unidirectional Material at an Angle to Reference Axis [9]  

 

Equation 36 was used to find the transformed reduced stiffness matrix for each individual fibre layer 1 to fibre 

layer 4. The transformation matrices and Reuterôs matrices were also used.  

 

 

ὗ   Ὕ ὗ Ὑ Ὕ Ὑ                                                    (36) 

 

 

Transformation matrices:  

 

Ὕ
ÃÏÓ— ÓÉÎ— ςίὭὲ—ὧέί—
ÓÉÎ— ÃÏÓ— ςίὭὲ—ὧέί—
ίὭὲ—ὧέί—ίὭὲ—ὧέί—ÃÏÓ— ÓÉÎ—

                                       (37) 

 

 

Ὕ
ÃÏÓ— ÓÉÎ— ςίὭὲ—ὧέί—
ÓÉÎ— ÃÏÓ— ςίὭὲ—ὧέί—
ίὭὲ—ὧέί—ίὭὲ—ὧέί—ÃÏÓ— ÓÉÎ—

                                       (38) 

 

 

Reuterôs matrices: 

 

Ὑ
ρ π π
π ρ π
π π ς

                                                                  (39) 

 

 

Ὑ
ρ π π
π ρ π
π π πȢυ

                                                                (40) 
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Once the transformed reduced stiffness matrices were obtained for each fibre layer the following ὃ, ὄ and, 

Ὀ matrices were obtained.  

 

In Figure 90 the through thickness visualization is provided for the coupons. The thickness provided in Figure 

90 was used to obtain matrices ὃ, ὄ and Ὀ.  

 

 
Figure 90: Coupon Through Thickness Visualization 

 

The ὃ matrix relates in-plane forces directly with in-plane strains and is referred to as the extensional 

stiffness matrix. 

 

¶ ὃ , ὃ  and ὃ  relates to a force resultant in a particular direction with a strain in the same direction 

[9]. 

 

¶ ὃ  is the Poissonôs ratio term and relates forces in one direction with strains perpendicular to the 

force direction [9].  

 

¶ ὃ  and ὃ  are the in-plane coupling terms which relates the axial forces to shear strains and vice 

versa. These terms imply that under an axial force, shear will develop in addition to the axial and 

Poissonôs strain [9].  Where the Poissonôs term couples axial forces with transverse strains, ὃ  and 

ὃ  couples axial forces with shear strains [9]. These terms can be eliminated by making the matrix 

balanced meaning that for every — layer there is a — layer. 

 

 

ὃ

ὃ ὃ ὃ
ὃ ὃ ὃ
ὃ ὃ ὃ

                                                           (41) 

 

 

To obtain the ὃ matrix equation 43 was used:  

 

ὃ В ὗ ᾀ ὤ                                                   (42) 

 

ὃ ὗ ᾀ ᾀ ὗ ᾀ ᾀ ὗ ᾀ ᾀ ὗ ᾀ ᾀ                 (43) 
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The ὄ matrix is referred to as the coupling matrix. It relates the in-plane forces with curvatures and moments 

with in-plane strains.  

 

¶ ὄ , ὄ  and ὄ  couples in-plane forces with the curvatures in the same direction [9]. 

 

¶ ὄ  couples the in-plane forces with curvatures in a direction perpendicular to the force [9]. 

 

¶ ὄ  and ὄ  couple axial in-plane forces with twisting curvatures/ twisting moments with in-plane 

strains.  

 

ὄ

ὄ ὄ ὄ
ὄ ὄ ὄ
ὄ ὄ ὄ

                                                               (44) 

 

 
It is important to note that the  ὄ matrix can be eliminated by ensuring that the laminate is symmetric about 

its mid-plane meaning that the one half of the laminate should mirror the other half.  

 

To obtain the ὄ matrix equation 46 was used:  

 

ὄ πȢυВ ὗ ᾀ ὤ                                              (45) 

 

ὄ πȢυὗ ᾀ ᾀ πȢυὗ ᾀ ᾀ πȢυὗ ᾀ ᾀ πȢυὗ ᾀ ᾀ        (46) 

 

 

The Ὀ matrix is referred to as the bending of flexural stiffness matrix and relates moments directly to 

curvatures. 

 

¶ Ὀ , Ὀ  and Ὀ  are the direct flexural stiffness terms which relates the bending moments with the 

curvatures in the same directions [9]. 

 

¶ Ὀ  is a Poissonôs type term for bending which relates a moment in one direction with curvatures in 

the perpendicular direction [9].  

 

¶ Ὀ  and Ὀ  are referred to as the coupling terms relating the bending moments with twisting 

curvatures [9].  

 

Ὀ

Ὀ Ὀ Ὀ
Ὀ Ὀ Ὀ
Ὀ Ὀ Ὀ

                                                          (47) 
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To obtain the Ὀ matrix equation 49 was used:  

 

Ὀ πȢσσσВ ὗ ᾀ ὤ                                          (48) 

 

Ὀ πȢσσσὗ ᾀ ᾀ πȢσσσὗ ᾀ ᾀ πȢσσσὗ ᾀ ᾀ πȢσσσὗ ᾀ ᾀ       (49) 

 

 
Once matrices ὃ, ὄ and Ὀ were obtained, the inverse of equation 50 was used in equation 51 to determine 

the strains and curvatures given known forces and moments.  

 

ὃ ὄ
ὄ Ὀ

ụ
Ụ
Ụ
Ụ
Ụ
ợ
ὃ ὃ ὃ ὄ ὄ ὄ
ὃ ὃ ὃ ὄ ὄ ὄ
ὃ ὃ ὃ ὄ ὄ ὄ
ὄ ὄ ὄ Ὀ Ὀ Ὀ
ὄ ὄ ὄ Ὀ Ὀ Ὀ
ὄ ὄ ὄ Ὀ Ὀ Ὀ Ứ

ủ
ủ
ủ
ủ
Ủ

                                             (50) 

 

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợ
‭

‭

‭
Ὧ
Ὧ

ὯỨ
ủ
ủ
ủ
ủ
ủ
Ủ

ὃ ὄ
ὄ Ὀ

ụ
Ụ
Ụ
Ụ
Ụ
ợ
ὔ
ὔ

ὔ
ὓ
ὓ

ὓỨ
ủ
ủ
ủ
ủ
Ủ

                                                       (51) 

 

To find the strains in the global X, Y and Z direction for different fibre layers through thickness, equation 52 

was used: 

‭ ‭ ᾀ Ὧ                                                      (52) 

 

To find the strains in the X, Y and Z fibre directions for different fibre layers through thickness, equation 53 

was used: 

‭ Ὕ ‭                                                                (53) 

 

To find the stresses in the global X, Y and Z direction for different fibre layers through thickness, equation 

54 was used: 

„ ὗ ‭                                                              (54) 

 

To find the stresses in the X, Y and Z fibre directions for different fibre layers through thickness, equation 55 

was used: 

„ Ὕ „                                                               (55) 
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10.8 UD Epoxy E- Glass Coupon FEA Analysis 

 

In this section the FEA and analytical results were provided for the epoxy e-glass UD prepreg and wet-layup 

coupons [0/90/90/0, 0/45/45/0, 0/90/45/0] and Aluminium 7075 T6 coupons under tension, compression, 

bending and torsion. The results for all fibre layers in the laminate were compared and analysed in section 

10.9 to obtain a composite material alternative to the current Aluminium 7075 T6 landing gear.  

 

10.9 UD Epoxy E-Glass [0/90/90/0] Coupons FEA and Analytical Results 

 

1) Tensile Analysis 

 

Figure 91 and Figure 92 illustrates the FEA stress results for [0/90/90/0] prepreg and wet layup coupons under 

beam tension. Note that the stress in fibre 1 = fibre 4 and fibre 2 = fibre 3 due to same fibre orientation. The 

stress, strain, and Puck-failure safety factor obtained from the FEA results for the prepreg coupon fibre layer 

1 was 82.259 MPa, 0.008045 mm/mm and 8.0413 respectively. The stress, strain, and Puck-failure safety 

factor for the wet layup coupon fibre layer 1 was 79.986 MPa, 0.002579 mm/mm and 9.0346 respectively.  

 

Figure 91: [0/90/90/0] Epoxy E-Glass UD Prepreg Coupon Beam Tensile Stress, Strain and Safety Factor (Fibre Layer 1) 

Figure 92: [0/90/90/0] Epoxy E-Glass UD Wet Layup Coupon Beam Tensile Stress, Strain and Safety Factor (Fibre Layer 1) 
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2) Compressive Analysis 

 

Figure 93 and Figure 94 illustrate the FEA stress results for [0/90/90/0] prepreg and wet layup coupons under 

beam compression. Note that the stress in fibre 1 = fibre 4 and fibre 2 = fibre 3 due to same fibre orientation. 

The stress, strain, and Puck-failure safety factor obtained from the FEA results for the prepreg coupon fibre 

layer 1 was 82.259 MPa, 0.008045 mm/mm and 8.1448 respectively. The stress, strain, and Puck-failure safety 

factor for the wet layup coupon fibre layer 1 was 79.986 MPa, 0.0022579 mm/mm and 6.001 respectively.  

 

Figure 93: [0/90/90/0] Epoxy E-Glass Prepreg Coupon Beam Compression Stress, Strain and Safety Factor (Fibre Layer 1) 

 

Figure 94: [0/90/90/0] Epoxy E-Glass Wet Layup Coupon Beam Compression Stress, Strain and Safety Factor (Fibre Layer 1) 
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3) Bending/ Flexural Analysis 

 

Figure 95 and Figure 96 illustrates the FEA results for [0/90/90/0] prepreg and wet layup coupons under beam 

bending. Note that stress and strains in fibre 1 = fibre 4 and fibre 2 = fibre 3 due to the same fibre orientations 

and same position from mid-plane, but Puck-failure safety factors differ due to fibre 1 and fibre 2 experiencing 

tension and fibre 3 and fibre 4 experiencing compression. The stress, strain, and Puck-failure safety factor for 

the prepreg coupon fibre layer 1 was 152.29 MPa, 0.0034467 mm/mm and 5.9102 respectively. The stress, 

strain, and Puck-failure safety factor for the wet layup coupon fibre layer 1 was 156.53 MPa, 0.0044437 

mm/mm and 4.8653 respectively. 

 

Figure 95: [0/90/90/0] Epoxy E-Glass Prepreg Coupon Beam Bending Stress, Strain and Safety Factor (Fibre Layer 1) 

Figure 96: [0/90/90/0] Epoxy E-Glass Wet Layup Coupon Beam Bending Stress, Strain and Safety Factor (Fibre Layer 1) 
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4) Torsion Analysis 

 

Figure 97 and Figure 98 illustrates the FEA results for [0/90/90/0] prepreg and wet layup coupons under beam 

torsion. Note that stress and strains in fibre 1 = fibre 4 and fibre 2 = fibre 3 due to the same fibre orientations 

and shear strain that increases from the mid-plane to the outermost fibre. The stress, strain, and Puck-failure 

safety factor for the prepreg coupon fibre layer 1 was 72.199 MPa, 0.0067695 mm/mm and 1.9185 

respectively. The stress, strain, and Puck-failure safety factor for the wet layup coupon fibre layer 1 was 

72.374 MPa, 0.0071824 mm/mm and 1.4359 respectively. 

 

Figure 97: [0/90/90/0] Epoxy E-Glass Prepreg Coupon Beam Torsional Stress, Strain and Safety Factor (Fibre Layer 1) 

Figure 98: [0/90/90/0] Epoxy E-Glass Wet Layup Coupon Beam Torsional Stress, Strain and Safety Factor (Fibre Layer 1) 
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Table 31 to Table 34 provides the FEA and analytical results obtained for [0/90/90/0] layered Epoxy E-Glass 

UD prepreg and Epoxy E-Glass UD wet layup coupons during tension, compression, bending and torsion. 

See Appendix A for the [0/45/45/0] and [0/90/45/0] layered coupons FEA and analytical results. 

Table 31:  Prepreg and Wet Layup Coupon [0/90/90/0] Results (Tensile Load)  

Load Type Stress 

(FEA) 

Stress 

(Analytical ) 

Strain 

(FEA) 

Strain 

(Analytical ) 

Safety 

Factor 

- MPa MPa mm/mm mm/mm - 

[0/90/90/0] Prepreg Coupon (Tension) 

Layer 1 82.259 82.201 

0.071 % 

0.0018045 0.001803 

0.083 % 

8.0413 

Layer 2 17.811 17.799 

0.067 % 

0.0018045 0.001803 

0.083 % 

1.9644 

Layer 3 17.811 17.799 

0.067 % 

0.0018045 0.001803 

0.083 % 

1.9644 

Layer 4 82.259 82.201 

0.071 % 

0.0018045 0.001803 

0.083 % 

8.0413 

[0/90/90/0] Wet Layup Coupon (Tension) 

Layer 1 79.986 79.903 

0.104 % 

0.002579 0.002594 

0.582 % 

9.0346 

Layer 2 20.074 20,097 

0.115 % 

0.002579 0.002594 

0.582 % 

1.5434 

Layer 3 20.074 20,097 

0.115 % 

0.002579 0.002594 

0.582 % 

1.5434 

Layer 4 79.986 79.903 

0.104 % 

0.002579 0.002594 

0.582 % 

9.0345 

 

 
Table 32: Prepreg and Wet Layup Coupon Results [0/90/90/0] (Compressive Load) 

Load Type Stress 

(FEA) 

Stress 

(Analytical ) 

Strain 

(FEA) 

Strain 

(Analytical ) 

Safety 

Factor 

- MPa MPa mm/mm mm/mm - 

[0/90/90/0] Prepreg Coupon (Compression) 

Layer 1 -82.259 -82.201 

0.071 % 

-0.001805 -0.001803 

0.011 % 

8.1448 

Layer 2 -17.811 -17.799 

0.067 % 

-0.001805 -0.001803 

0.112 % 

6.7279 

Layer 3 -17.811 -17.799 

0.067 % 

-0.001805 -0.001803 

0.112 % 

6.7279 

Layer 4 -82.259 -82.201 

0.071 % 

-0.001805 -0.001803 

0.0112 % 

8.1448 

[0/90/90/0] Wet Layup Coupon (Compression) 

Layer 1 -79.986 -79.903 

0.104 % 

-0.0022579 -0.002594 

0.582 % 

6.001 

Layer 2 -20.074 -20.094 

0.115 % 

-0.0022579 -0.002594 

0.582 % 

4.982 

Layer 3 -20.074 -20.094 

0.115 % 

-0.0022579 -0.002594 

0.582 % 

4.982 

Layer 4 -79.986 -79.903 

0.104 % 

-0.0022579 -0.002594 

0.582 % 

6.001 
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Table 33: Prepreg and Wet Layup Coupon Results [0/90/90/0] (Bending Load) 

Load Type Stress 

(FEA) 

Stress 

(Analytical ) 

Strain 

(FEA) 

Strain 

(Analytical ) 

Safety 

Factor 

- MPa MPa mm/mm mm/mm - 

[0/90/90/0] Prepreg Coupon (Bending) 

Layer 1 157.29 156.01 

0.814 % 

0.0034467 0.0034451 

0.046 % 

5.9102 

Layer 2 16.878 16.478 

2.370 % 

0.0017241 0.0017226 

0.087 % 

1.933 

Layer 3 -16.878 -16.478 

2.370 % 

-0.0017241 -0.0017226 

0.087 % 

6.691 

Layer 4 -157.29 -156.01 

0.814 % 

-0.0034467 -0.0034451 

0.046 % 

4.065 

[0/90/90/0] Wet Layup Coupon (Bending) 

Layer 1 156.53 155.249 

0.818 % 

0.0044437 0.004422 

0.491 % 

4.8653 

Layer 2 21.086 21.073 

0.062 % 

0.0022177 0.002211 

0.303 % 

1.4802 

Layer 3 -21.086 -21.073 

0.062 % 

-0.0022177 -0.002211 

0.303 % 

5.0703 

Layer 4 -156.53 -155.249 

0.818 % 

-0.0044437 -0.004422 

0.491 % 

2.8616 

 

Table 34: Prepreg and Wet Layup Coupon Results [0/90/90/0] (Torsional Load) 

Load Type Stress 

(FEA) 

Stress 

(Analytical ) 

Strain 

(FEA) 

Strain 

(Analytical ) 

Safety 

Factor 

- MPa MPa mm/mm mm/mm - 

[0/90/90/0] Prepreg Coupon (Torsion) 

Layer 1 72.199 75.002 

3.882 % 

0.0067695 0.007106 

4.971 % 

1.9185 

Layer 2 36.108 37.501 

3.858 % 

0.003852 0.004019 

4.335 % 

3.8367 

Layer 3 36.108 37.501 

3.858 % 

0.003852 0.004019 

4.335 % 

3.8367 

Layer 4 72.199 75.002 

3.882 % 

0.0067695 0.007106 

4.971 % 

1.9185 

[0/90/90/0] Wet Layup Coupon (Torsion) 

Layer 1 72.374 75.002 

3.504 % 

0.0071824 0.0075328 

4.879 % 

1.4359 

Layer 2 36.166 37.501 

3.691 % 

0.0035902 0.0037360 

3.903 % 

2.8724 

Layer 3 36.166 37.501 

3.691 % 

0.0035902 0.0037244 

3.903 % 

2.8724 

Layer 4 72.374 75.002 

3.504 % 

0.0071824 0.0075328 

4.879 % 

1.4359 
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10.10 UD Epoxy E-Glass Prepreg and Wet Layup Coupons FEA Results 

 

In this section the FEA stress, strain and Puck-failure safety factor results are provided for the [0/90/90/0], 

[0/45/45/0] and [0/90/45/0] layered Epoxy E-Glass UD prepreg and Epoxy E-Glass UD wet layup coupons 

during tension, compression, bending and torsion.  

 

10.10.2 Coupon Tensile FEA Results 

 

In Figure 99, the stress, strain and Puck-failure safety factor results are provided the prepreg and wet layup 

coupons during tensile loading. For the [0/90/90/0] layered coupons, the stress was the largest for the 0-degree 

unidirectional fibre. For the [0/45/45/0] layered coupon the stress on 0-degree unidirectional fibre was less 

due to the 45-degree fibres being able to carry more of the tensile load than the 90-degree fibres. The strain 

was also less for [0/45/45/0] layered coupon than the [0/90/90/0] layered coupon. These results were further 

represented by the [0/90/45/0] layered coupon during tensile loading. From results obtained regarding the 

Puck-failure for the coupons, all fibre layers in the [0/45/45/0] layered coupon had higher safety factors than 

the [0/90/90/0] layered coupon, thus making this fibre layup orientation more effective during tensile loading. 

Overall, the prepregs obtained less strain and higher Puck-failure safety factors when experiencing tensile 

loading, making it more resistant to failure in comparison to the wet layup coupons.  

 

 

 

 

Figure 99: UD Epoxy E-Glass Prepreg and UD Epoxy E-Glass Wet Layup Coupons Tensile Stress, Strain and Puck-Failure Safety 

Factor Results   
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In Figure 100, the stress, strain and Puck-failure safety factor results are provided the prepreg and wet layup 

coupons during compression loading. For the [0/90/90/0] layered coupons, the stress was the largest for the 

0-degree unidirectional fibre. For the [0/45/45/0] layered coupon the stress on 0-degree unidirectional fibre 

was less due to the 45-degree fibres being able to carry more of the compressive load than the 90-degree 

fibres. The strain was also less for [0/45/45/0] layered coupon than the [0/90/90/0] layered coupon. These 

results were further represented by the [0/90/45/0] layered coupon during compressive loading. From results 

obtained regarding the Puck-failure for the coupons, all fibre layers in the [0/45/45/0] layered coupon had 

higher safety factors than the [0/90/90/0] layered coupon, thus making this fibre layup orientation more 

effective during compression loading. Overall, the prepregs obtained less strain and higher Puck-failure safety 

factors when experiencing compression loading, making it more resistant to failure in comparison to the wet 

layup coupons.  

 

In comparison to the tensile analysis, the 0-degree unidirectional fibres had a higher safety factor for 

[0/45/45/0] layered coupon during tensile loading whilst the 45-degree fibres had a higher safety factor for 

compression loading. The 90-degree fibres obtained higher safety factor results when experiencing 

compression loads than tensile loads. In conclusion, the [0/45/45/0] layered coupons were much more 

effective during compression loading than the [0/90/90/0] and [0/90/45/0] layered coupons.  

 

 
Figure 100: UD Epoxy E-Glass Prepreg and UD Epoxy E-Glass Wet Layup Coupons Compressive Stress, Strain and Puck-Failure 

Safety Factor Results  
























































































































