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ABSTRACT  

The purpose of this project is the design of a fixed tricycle landing gear for a single-

engine, four-seat, all composite airplane adhering to the CS-23 Certification Specifications, by 

which it is intended to be certified. This includes the design of composite spring main landing 

gear struts, in combination with an oleo nose landing gear strut. The design process is divided 

into five specific phases; design requirements, preliminary design, detailed design, production 

planning, and prototype testing. Individual load condition are calculated in the preliminary 

design phase. The detailed design includes stress analysis of individual components. The 

prototype testing phase defines an acceptable method used to prove compliance with 

certification specifications. The study concludes with detailed technical documentation.   

KEYWORDS   

Composite Spring, Drop Test, Ground Loads, Landing Gear, Oleo Shock Strut, Steerable Nose 

Wheel  

 

 

 

 

 

 

 

 

 

 

 

 

 

ABSTRAKT 

Cílem této práce je návrh pevného tříkolového podvozku pro jednomotorový čtyřmístný 

celokompozitní letoun s dodržováním certifikačních specifikací CS-23. To zahrnuje návrh 

kompozitních pružinových hlavních podvozkových vzpěr v kombinaci s hydropneumatickým 

tlumičem příďového podvozku. Proces návrhu se dělí do pěti specifických fází; požadavky na 

konstrukci, předběžný návrh, detailní návrh, příprava výroby a zkoušení prototypu. Zatížení 

podvozku pro jednotlivé případy a konfigurace letounu je definován v předběžné fázi návrhu. 

Detailní návrh zahrnuje pevnostní analýzu jednotlivých komponentů. Fáze zkoušení prototypu 

definuje způsob ověření únosnosti zkouškou. Závěr obsahuje podrobnou technickou 

dokumentaci. 

KLÍČOVÁ SLOVA 

Hydropneumatický Tlumič, Kompozitní Pružina, Pádová Zkouška, Pozemní Zatížení, 

Přistávací Zařízení, Řiditelné Příďové Kolo   



 

 

  



 

 

BIBLIOGRAPHIC CITATION  

PAULINY, J. Landing gear design for single-engine four-seat aircraft. Brno: Brno University 

of Technology, Faculty of mechanical engineering, 2014. 76 s. Supervisor doc. Ing. Jaroslav 

Juračka, Ph.D.. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DECLERATION OF AUTHENTICITY  

I, Jozef Pauliny, declare that I prepared this master’s thesis independently and disclosed all 

sources and literature.  

Date 30.05.2014  

 

 

 

       _______________________________  

 Bc. Pauliny Jozef   



 

 

 



9 

 

CONTENTS 

1 Introduction....................................................................................................................... 11 

2  Design Requirements ........................................................................................................ 13 

3  Preliminary Design ........................................................................................................... 15 

3.1  Initial Layout .............................................................................................................. 15 

3.2 Ground Loads ............................................................................................................. 23 

3.3 Tires and wheels ........................................................................................................ 33 

4 Detailed Design ................................................................................................................ 37 

4.1 Main landing gear ...................................................................................................... 37 

4.1.1 Main Landing gear strut...................................................................................... 37 

4.1.2 Upper Mounting Bracket .................................................................................... 40 

4.1.3  Lower mounting Bracket .................................................................................... 41 

4.2  Nose Landing Gear .................................................................................................... 41 

4.2.1 Piston .................................................................................................................. 41 

4.2.2 Cylinder .............................................................................................................. 43 

4.2.3 Main Housing ..................................................................................................... 47 

4.2.4 Longitudinal Support Brace ................................................................................ 53 

4.2.5 Scissors ............................................................................................................... 55 

4.2.6 Nose Wheel Fork ................................................................................................ 56 

4.2.7 Initial Strut Inflation ........................................................................................... 56 

4.2.8 Orifice Design ..................................................................................................... 58 

5 Production Planning and Tool Design .............................................................................. 59 

6 Prototype Testing .............................................................................................................. 61 

7 Conclusion ........................................................................................................................ 63 

Appendix A ............................................................................................................................... 67 

 

  



10 

 

  



11 

 

1 INTRODUCTION 

Like any design process, landing gear design is a multi-step process starting with the 

definition of design requirements followed by preliminary design, detailed design, production 

planning, and prototype testing. Landing gear design requirements define various aspects of the 

landing gear. These may include aspects of; application, conceptual design, structural design, 

and initial design parameters. With the design requirements defined it is possible to transition 

into the preliminary design phase. The preliminary design includes the definition of the landing 

gear’s initial layout, load conditions and various other aspects such as tire and wheel selection. 

This phase of design is tightly associated with legal regulations the landing gear must adhere 

to. These regulations vary based on application, but an example is the CS-23 Certification 

Specifications defining legal structural requirements that the landing gear must meet. The 

detailed design phase is associated with the structural design and sizing of each individual 

component of the landing gear. This phases contains the majority of the design work load as it 

includes detailed stress analysis as well as complete technical documentation of the landing 

gear. Production planning and tool design prepares for prototype and ultimately full-scale 

production of the landing gear. It defines the specific procedures used in the production of 

individual components, as well as specifies tools, jigs, and other materials used in those 

procedures. After the first prototype is built the design process changes over into the prototype 

testing phase. This phase is focused on the optimization and testing the initial design. Its 

objective is to locate flaws or other areas of improvement in the initial design. Modifications 

are proposed, analyzed, and after they are assessed as beneficial the initial design is altered. 

After this a new prototype is produced and retested. This process may involve several iterations 

depending on the quality of the initial design. The final prototype testing is completed to prove 

compliance with various regulations that the landing gear must meet. The design process 

structure is shown in figure 1.1. 

 

 

Figure 1.1 Design Process Structure 
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2  DESIGN REQUIREMENTS  

The design requirements imposed on the landing gear are specified by the client in the 

task definition. These requirements define various aspects of the landing gear such as; 

application, conceptual design, structural design, and initial design parameters.  

Specifically, this landing gear is designed for a four-seat, all-composite, single-engine 

airplane (shown in figure 2.1), certified according to the CS-23 Certification Specifications. 

These certification specifications define the structural requirements legally imposed on the 

landing gear. The landing gear is designed in a tricycle configuration, utilizing an oleo nose 

strut and composite leaf spring main struts. The initial design parameters are specified in table 

2.1.  

Parameter Symbol Units Value 

Design Maximum Weight m [kg] 1550 

Design Landing Weight mL [kg] 1550 

Wing Area S [m2] 12.32 

Forward CG Limit  [% MAC] 19 

Aft CG Limit  [% MAC] 32 

Vertical CG Limit  [m] 0.54 

Mean Aerodynamic Chord MAC [m] 1.192 
 

Table 2.1 Initial Design Parameters 

 

 

 

Figure 2.1 Airplane 3-View Drawing 
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3  PRELIMINARY DESIGN 

3.1  Initial Layout 

The initial landing gear layout defines the extended, static, and compressed positions of 

the landing gear. These positions consist of longitudinal and lateral components that are 

dependent on center of gravity (CG) limits, energy absorption requirements, and restricted by 

two geometric criteria; the tip over criteria and the ground clearance criteria. The CG limits 

include forward, aft and vertical positions previously specified in table 2.1. Energy absorption 

requirements define the necessary landing gear deflections to ensure the limit ground reaction 

load factor respectively the inertia load factor is not exceeded during landing. The tip over 

criteria ensures that the CG position will always remain between the nose and main landing 

gear. It can be divided into longitudinal and lateral criteria. The longitudinal tip over criteria 

specifically ensures the aircraft will not tail tip during loading, unloading, takeoff, and landing, 

whereas the lateral tip over criteria ensures the aircraft will not side tip during taxi. The ground 

clearance criteria can also be divided into longitudinal and lateral criteria. The longitudinal 

ground clearance criteria ensures appropriate clearance between the ground and aft fuselage 

during tail-down landings, and appropriate clearance between the ground and propeller during 

taxi. The lateral ground clearance criteria ensures appropriate clearance between the ground and 

wing tips during crosswind takeoffs and landings. 

The longitudinal position of the main landing gear is determined graphically (shown in 

figure 3.1) by superimposing the forward and aft CG limits on the side view of the aircraft. The 

longitudinal tip over criteria is depicted by line 1, drawn down from the aft CG limit at an angle 

of 15 degrees with respect to the normal axis. 15 degrees represents the airplanes’ maximum 

pitch angle during takeoff. This ensures that the CG position will never rotate over the position 

of the main landing gear, eliminating the risk of tail tipping. The longitudinal ground clearance 

criteria is depicted by line 2, drawn tangent to the bottom of the aft fuselage at an angle of 12 

degrees with respect to the longitudinal axis. 12 degrees represents the airplanes’ pitch angle 

during tail-down landings. This line is then offset by the required landing gear deflection in a 

direction perpendicular to itself, to produce line 3 depicting energy absorption requirements.  

 

Figure 3.1 Longitudinal Main Landing Gear Position 
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The approximate required main landing gear deflection is calculated using the law of 

conservation of energy; 

 1

2
𝑚𝐿𝑉𝑧

2

⏟    
+𝑚𝐿𝑔𝑑⏟  = 𝑚𝐿𝑔𝑛𝜂𝑑⏟    +

2

3
𝑚𝐿𝑔𝑑⏟    

 (3.1) 

 

where:   

- 𝑚𝐿 is the design landing weight [kg] 

- 𝑉𝑧 is the descent velocity [m s-1] 

- 𝑔 is standard gravitational acceleration [m s-2] 

- 𝑛 is the limit ground reaction load factor [1] 

- 𝑑 is the landing gear deflection [m] 

- 𝜂 is the landing gear absorption efficiency [1] 

- 2 3⁄  is the lift ratio [1] 

The kinetic energy that must be absorbed during landing is dependent on the design landing 

weight and the vertical descent velocity. The design landing weight is prescribed in equation 

3.19. The minimum vertical descent velocity that may be used for design purposes is defined 

by the CS-23 Certification Specifications and calculated in equation 3.23. The gravitational 

energy that must be absorbed is dependent on the design landing weight, standard gravitational 

acceleration, and landing gear deflection. The energy absorbed by the landing gear is dependent 

on the; design landing weight, standard gravitational acceleration, limit ground reaction load 

factor, landing gear deflection, and the landing gear absorption efficiency. The limit ground 

reaction load factor is calculated in equation 3.33. The landing gear absorption efficiency is 

assumed to be 50 percent, because it is slightly lower than that of typical spring landing gear. 

This yields a slightly larger required landing gear deflection assuring ground clearance 

compliance. The energy absorbed by lift is dependent on the; magnitude of lift assumed to be 

acting on the airplane during landing, design landing weight, standard gravitational 

acceleration, and the landing gear deflection. The magnitude of lift assumed to be acting on the 

airplane during landing is expressed as a ratio of lift to weight and is defined in chapter 3.2.  

Equation 3.1 is rearranged and simplified to solve for the required landing gear deflection; 

 
𝑑 =

𝑉𝑧
2

2𝑔𝑛𝜂 −
2
3𝑔
  (3.2) 

  

 
𝑑 =

32

(2 ∙ 9.80665 ∙ 2.28 ∙ 0.5) − (
2
3 9.80665)

  (3.3) 

 

 𝑑 = 0.57  (3.4) 

 

Energy absorbed by lift 

Energy absorbed by the landing gear 

Gravitational potential energy 

Kinetic energy 
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where:   

- 𝑑 is the landing gear deflection [m] 

- 𝑉𝑧 is the descent velocity [m s-1] 

- 𝑔 is standard gravitational acceleration [m s-2] 

- 𝑛 is the limit ground reaction load factor [1] 

- 𝜂 is the landing gear absorption efficiency [1] 

- 2 3⁄  is the lift ratio [1] 

The extended position of the main landing gear is depicted by circle 1 representing the unloaded 

tires of the main landing gear. Circle 1 is drawn tangent to line 3, centered on line 1, with a 

radius equivalent to that of the unloaded main landing gear tires. The unloaded radius of the 

main landing gear tires is defined in table 3.4. The motion of the main landing gear deflection 

is expressed by line 4 drawn parallel to the airplanes’ normal axis and passing through the center 

of circle 1. The compressed position of the main landing gear is depicted by circle 2 representing 

the limit loaded tires of the main landing gear. This circle is drawn tangent to line 2, centered 

on line 4, with a radius equivalent to that of the limit loaded main landing gear tires. The limit 

loaded radius of the main landing gear tires is defined in table 3.4.  

The longitudinal position of the nose landing gear is determined by superimposing its 

main attachment points on the side view of the airplane. The wheel swivel axis is depicted by 

line 5, drawn down from the attachment points at an angle equivalent to that of the inclined 

reactions specified in chapter 3.2. This angle is referred to as the rake angle, and is calculated 

as; 

 
𝜃 = tan−1

𝐾𝑛

𝑛 −
2
3

 (3.5) 

 

 
𝜃 = tan−1

0.26 ∙ 2.95

2.95 −
2
3

 (3.6) 

 

 𝜃 = 18.57 (3.7) 

where:   

- 𝜃 is the rake angle [°] 

- 𝐾 is the drag component coefficient [1] 

- 𝑛 is the limit vertical inertia load factor [1] 

- 2 3⁄  is the lift ratio [1] 

The longitudinal ground clearance criteria is depicted by line 6 drawn tangent to the bottom of 

the unloaded main landing gear tires and passing through the bottom tip of the propeller. Circle 

3, representing the nose wheel rim is drawn tangent to line 6 with a radius equivalent to that of 

the nose wheel rim. The radius of the nose wheel rim is specified in appendix A. The position 

of this circle with respect to line 6 represents the upper stroke limit of the oleo nose strut, 

ensuring that positive clearance between the propeller and the ground is retained with the nose 

wheel tire completely deflated and the landing gear strut bottomed. This ground clearance 

condition is prescribed in subpart E paragraph CS 23.925 of the CS-23 Certification 

Specifications. Furthermore, this paragraph prescribes a clearance of at least 180 millimeters 

between the propeller and the ground with the landing gear statically deflected and in the level, 

normal take-off, or taxying attitude, whichever is the most critical. The position of circle 3 with 

respect to line 5 is referred to as offset and defines the static and dynamic stability of the nose 

landing gear.  
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The nose wheel offset is determined graphically (shown in figure 3.2) by drawing circle 4 

representing the unloaded tire of the nose wheel. This circle is drawn concentric with circle 3 

with a radius equivalent to that of the unloaded nose wheel tire. The unloaded radius of the nose 

wheel tire is defined in table 3.4. Line 7 is drawn perpendicular to the wheel swivel axis and 

tangent to the bottom of circle 4. Line 8 is drawn parallel with the airplanes’ longitudinal axis 

and tangent with the bottom of circle 4. Circles 3 and 4 are translated along line 6 to a position 

where lines 5, 7, and 8 intersect at one point. This ensures that the nose landing gear remains 

statically stable when the nose wheel is swiveled 90 degrees to either side of the neutral position. 

Furthermore, dynamic stability is attained by positive trail, referring to the distance between 

the intercept of lines 5, 7, and 8, and the intercept of circle 4 and line 8.  

The compressed position of the nose landing gear is depicted by circle 5 (shown in 

figure 3.1) representing the limit loaded tire of the nose landing gear. Circle 5 is drawn 

concentric with circles 3 and 4. The vertical component of the compressed nose landing gear 

position is depicted by line 9, drawn parallel with the airplanes’ longitudinal axis and tangent 

with the bottom of circle 5. This line is then offset by the required landing gear deflection in a 

direction perpendicular to itself, to produce line 10 depicting energy absorption requirements. 

The approximate required nose landing gear deflection is again calculated using the law of 

conservation of energy; 

 1

2
𝑚𝑛𝑉𝑧

2

⏟    
+𝑚𝑛𝑔𝑑⏟  = 𝑚𝑛𝑔𝑛𝜂𝑠𝑑𝑠⏟      +𝑚𝑛𝑔𝑛𝜂𝑡𝑑𝑡⏟      +

2

3
𝑚𝑛𝑔𝑑⏟    

 (3.8) 

 

where:   

- 𝑚𝑛 is the landing weight acting on the nose landing gear [kg] 

- 𝑉𝑧 is the descent velocity [m s-1] 

- 𝑔 is standard gravitational acceleration [m s-2] 

- 𝑛 is the limit ground reaction load factor [1] 

- 𝑑 is the total landing gear deflection [m] 

- 𝑑𝑠 is the vertical stroke of the oleo nose strut [m] 

- 𝑑𝑡 is the nose wheel tire deflection [m] 

- 𝜂𝑠 is the oleo nose strut absorption efficiency [1] 

- 𝜂𝑡 is the nose wheel tire absorption efficiency [1] 

- 2 3⁄  is the lift ratio [1] 

Equation 3.8 is similar to previously defined equation 3.1, however it differentiates between 

the energy absorbed by the oleo nose strut and the energy absorbed by the nose wheel tire. This 

differentiation is necessary in order to adequately incorporate each of their very dissimilar 

energy absorption efficiencies into the balanced energy equation. 

Energy absorbed by lift 

Energy absorbed by the nose wheel tire 

Gravitational potential energy 

Kinetic energy 

Energy absorbed by the oleo nose strut  
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The energy absorbed by the oleo nose strut is dependent on the; landing weight acting on the 

nose landing gear, standard gravitational acceleration, limit ground reaction load factor, vertical 

stroke of the oleo nose strut, and the oleo nose strut absorption efficiency. The landing weight 

acting on the nose landing gear is calculated in chapter 3.2. The limit ground reaction load 

factor is calculated in equation 3.33. The oleo nose strut absorption efficiency is assumed to be 

80 percent, because it is easily achievable by a typical oleo shock absorber [1].  

 

 

 

Figure 3.2 Nose Wheel Offset 

The energy absorbed by the nose wheel tire is dependent on the; landing weight acting on the 

nose landing gear, standard gravitational acceleration, limit ground reaction load factor, nose 

wheel tire deflection, and the nose wheel tire absorption efficiency. The nose wheel tire 

deflection and absorption efficiency is defined in chapter 3.3. 

Equation 3.8 is rearranged and simplified to solve for the required vertical stroke of the oleo 

nose strut; 

 

𝑑𝑠 =

𝑉𝑧
2

2𝑔 + 𝑑𝑡 (
1
3 − 𝑛𝜂𝑡)

𝑛𝜂𝑠 −
1
3

  (3.9) 

  

 

𝑑𝑠 =

32

2 ∙ 9.80665
+ 0.054 (

1
3 − 2.28 ∙ 0.45)

2.28 ∙ 0.8 −
1
3

  (3.10) 

 

 𝑑𝑠 = 0.28  (3.11) 

where:   

- 𝑑𝑠 is the vertical stroke of the oleo nose strut [m] 

- 𝑉𝑧 is the descent velocity [m s-1] 

- 𝑔 is standard gravitational acceleration [m s-2] 

- 𝑑𝑡 is the nose wheel tire deflection [m] 

- 𝑛 is the limit ground reaction load factor [1] 

- 𝜂𝑠 is the oleo nose strut absorption efficiency [1] 

- 𝜂𝑡 is the nose wheel tire absorption efficiency [1] 

- 2 3⁄  is the lift ratio [1] 
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Subsequently, the total required nose landing gear deflection is calculated as; 

 𝑑 = 𝑑𝑠 + 𝑑𝑡 (3.12) 
 

 𝑑 = 0.28 + 0.054 (3.13) 
 

 𝑑 = 0.33 (3.14) 

where:   

- 𝑑 is the total landing gear deflection [m] 

- 𝑑𝑠 is the vertical stroke of the oleo nose strut [m] 

- 𝑑𝑡 is the nose wheel tire deflection [m] 

The extended position of the nose landing gear is depicted by circle 6 representing the unloaded 

tire of the nose landing gear. Circle 6 is drawn by translating Circle 4 along line 5 so that it is 

tangent to line 10. The motion of the nose wheel travel is expressed by line 11 drawn parallel 

to line 5 and passing through the center of circle 6. The static position of the nose landing gear 

is depicted by circle 7 representing the statically loaded nose wheel tire. Circle 3 is drawn 

centered on line 11, with a radius equivalent to that of the statically loaded nose wheel tire. The 

static radius of the nose landing gear tire is defined in table 3.4. The vertical displacement 

between the center of circle 6 and circle 7 is selected as one third of the required vertical stroke 

of the oleo nose strut calculated in equation 3.11. 

The static position of the main landing gear is depicted by circle 8 representing the statically 

loaded tires of the main landing gear. Circle 8 is drawn centered on line 4, with a radius 

equivalent to that of the statically loaded main landing gear tires. The static radius of the main 

landing gear tires is defined in table 3.4. The vertical displacement between the bottom of circle 

1 and circle 3 is calculated using a moment force equilibrium equation; 

 
𝑑𝑧 =

𝑚𝑔𝑑(cos 12)𝑎

2𝐹𝑐
 (3.15) 

 

 
𝑑𝑧 =

1550 ∙ 9.80665 ∙ 0.57(cos 12)1.838

2 ∙ 17328 ∙ 2.294
 (3.16) 

 

 𝑑𝑧 = 0.19 (3.17) 

where:   

- 𝑑𝑧 is the vertical displacement [m] 

- 𝑚 is the design maximum weight [kg] 

- 𝑔 is standard gravitational acceleration [m s-2] 

- 𝑑 is the maximum main landing gear deflection [m] 

- 12 is the pitch angle during tail-down landings [°] 

- 𝐹 is the tail-down limit vertical ground reaction load [N] 

- 𝑎 is the relative distance between the nose wheel and center of gravity [m] 

- 𝑐 is the relative distance between the nose and main landing gear [m] 

The design maximum weight is defined in equation 3.18. The maximum main landing gear 

deflection is calculated in equation 3.4. The tail-down limit vertical ground reaction load is 

calculated in equation 3.64. The relative distances are shown in figure 3.3. 

The lateral ground clearance criteria ensures appropriate clearance between the ground and 

wing tips during crosswind takeoffs and landings. 
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The lateral position of the main landing gear is selected according to the main landing gear 

spring design requirements. However, it must be selected in such a way as to meet or exceed 

lateral tip over criteria depicted in figure 3.4. This figure expresses the lateral tip over criteria 

in terms of turnover angle φ, which may not be more than 63 degrees. This value is commonly 

used in landing gear design for land based aircraft [2]. The distance between the two main 

landing gear wheels is referred to as the track.  

The initial landing gear layout is expressed in figure 3.5. 

 

Figure 3.3 Ground Contact Positions Relative to the Center of Gravity 

 

Figure 3.4 Lateral Tip-over Criteria 
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Figure 3.5  Static Landing Gear Positions 
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3.2 Ground Loads 

Limit (respectively ultimate) ground loads used in the design process of the landing gear 

are specified in subpart C - Structure of the CS-23 Certification Specifications [3]. The limit 

ground loads specified in this subpart are considered to be external loads and inertia forces that 

act upon the airplane structure. Each of the specified ground load condition and external 

reactions must be placed in equilibrium with the linear and angular inertia forces in a rational 

or conservative manner. The ground load requirements specified in subpart C must be complied 

with at the design maximum weight, except that paragraphs CS 23.479, 23.481 and 23.483 may 

be complied with at a design landing weight (the highest weight for landing conditions at the 

maximum descent velocity) allowed under paragraph CS 23.473 sub-paragraph (b). These 

weights have been previously defined in table 2.1, and are equivalent to each other.  

Design maximum weight: 

 𝑚 = 1550 [𝑘𝑔] (3.18) 
 

Design landing weight: 

 𝑚𝐿 = 1550 [𝑘𝑔] (3.19) 
 

The ground loads specified in subpart C are dependent (among other things) on load factors 

defined in; paragraph CS 23.473 sub-paragraphs (d) through (g), paragraph CS 23.723 sub-

paragraph (b), and paragraph CS 23.726 sub-paragraph (a) section (2). These include a vertical 

inertia load factor and a ground reaction load factor, each of which can be further divided into 

limit and ultimate.The selected limit vertical inertia load factor acting through the center of 

gravity of the airplane for the ground load conditions prescribed in subpart C may not be less 

than that which would be obtained when landing with a descent velocity equivalent to that 

expressed in equation 3.23, except that this velocity need not be more than 3.0 meters per 

second and may not be less than 2.1 meters per second. 

 
𝑉𝑍 = 0.90 ∙ (

𝑚𝐿

𝑆
)

1
4
 (3.20) 

 

 

𝑉𝑍 = 0.90 ∙ (
1550

12.32
)

1
4
 (3.21) 

 

 𝑉𝑍 = 3.01 (3.22) 
 

 𝑉𝑍 = 3.0  (3.23) 
 

where:   

- 𝑉𝑍 is the descent velocity [m s-1] 

- 𝑚𝐿 is the design landing weight [kg] 

- 𝑆 is the wing area [m2] 

The corresponding ultimate vertical inertia load factor may not be less than that which would 

be obtained when landing with a descent velocity equivalent to that expressed in equation 3.26. 

 𝑉𝑍 = 1.2 ∙ 𝑉𝑍′ (3.24) 
 

 𝑉𝑍 = 1.2 ∙ 3.0 (3.25) 
 

 𝑉𝑍 = 3.6 [𝑚 𝑠
−1] (3.26) 
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where:   

- 𝑉𝑍′ is the limit descent velocity [m s-1] 

- 𝑉𝑍 is the descent velocity [m s-1] 

Wing lift not exceeding two-thirds of the weight of the airplane may be assumed to exist 

throughout the landing impact and to act through the center of gravity. The ground reaction 

load factor may be equal to the inertia load factor minus the ratio of the above assumed wing 

lift to the airplane weight. 

No limit vertical inertia load factor used for design purposes may be less than 2.67, nor may the 

limit ground reaction load factor be less than 2.0 at design maximum weight. Corresponding 

ultimate load factors may not be less than 1.5 times the limit load factors.  

The maximum possible ultimate ground reaction load factor is limited by the bottoming load of 

the selected main landing gear tires. This bottoming load is specified in appendix A. The 

ultimate ground reaction load factor is calculated according to Newton's second law of motion; 

 𝐹 = 𝑚𝐿𝑔𝑛 (3.27) 
 

 
𝑛 =

𝐹

𝑚𝐿𝑔
 (3.28) 

 

 
𝑛 =

52036

1550 ∙ 9.80665
 (3.29) 

 

 𝑛 = 3.42 (3.30) 
  

where:   

- 𝐹 is the bottoming load [N] 

- 𝑚𝐿 is the design landing weight [kg] 

- 𝑔 is standard gravitational acceleration [m s-2] 

- 𝑛 is the ultimate ground reaction load factor [1] 

The limit ground reaction load factor is then calculated as; 

 
𝑛 =

𝑛′

1.5
 (3.31) 

 

 
𝑛 =

3.42

1.5
 (3.32) 

 

 𝑛 = 2.28 (3.33) 
 

where:   

- 𝑛 is the limit ground reaction load factor [1] 

- 𝑛′ is the ultimate ground reaction load factor [1] 

The limit vertical inertia load factor is calculated as; 

 𝑛 = 𝑛′ + 𝐿 (3.34) 
 

 
𝑛 = 2.28 +

2

3
 (3.35) 

 

 𝑛 = 2.95 (3.36) 
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where:   

- 𝑛 is the limit vertical inertia load factor [1] 

- 𝑛′ is the limit ground reaction load factor [1] 

The ultimate vertical inertia load factor is calculated as; 

 𝑛 = 1.5𝑛′ (3.37) 
 

 𝑛 = 1.5 ∙ 2.95 (3.38) 
 

 𝑛 = 4.43 (3.39) 
 

where:   

- 𝑛 is the ultimate vertical inertia load factor [1] 

- 𝑛′ is the limit vertical inertia load factor [1] 

Subpart C specifies ground loads for various conditions. Appendix C summarizes the basic 

landing conditions defined in subpart C, such as the; level landing condition with inclined 

reactions (for both three point and main landing gear contact), and tail-down landing condition. 

Paragraphs CS 23.483 through CS 23.509 define all remaining conditions not summarized in 

Appendix C, which include the; one-wheel landing condition, side load condition, braked roll 

condition, supplementary conditions for nose wheels, and towing conditions. 

The level landing condition (three point contact) assumes the airplane to be in a level attitude 

with both the nose and main landing gear wheels contacting the runway surface simultaneously, 

as shown in figure 3.6. The main landing gear is assumed to be fully deflected, whereas the 

nose landing gear is deflected in such a way that is most critical for each element of the landing 

gear. Tire deflection is assumed to be static. 

 

Figure 3.6  Level Landing Condition (Three Point Contact) 

The ground reaction loads shown in figure 3.6 consist of vertical and drag components. The 

limit vertical ground reaction load acting on the main landing gear is dependent on the; limit 

ground reaction load factor, design landing weight, and the ratio of the relative distance between 
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the nose landing gear and center of mass to the relative distance between the nose landing gear 

and the main landing gear. This relation is expressed in the following equation. 

 𝐹1 𝑧 = 𝑛𝑔
𝑚𝐿

2

𝑎

𝑐
 (3.40) 

 

 
𝐹1 𝑧 = 2.28 ∙ 9.80665

1550

2

1.195

2.025
 (3.41) 

 

 𝐹1 𝑧 = 10226 (3.42) 
 

where:   

- 𝐹1 𝑧 is the limit ground reaction load [N] 

- 𝑛 is the limit ground reaction load factor [1] 

- 𝑔 is standard gravitational acceleration [m s-2] 

- 𝑚𝐿 is the design landing weight [kg] 

- 𝑎 𝑐⁄  is the relative distance ratio [1] 

The limit vertical ground reaction load acting on the nose landing gear is determined in a similar 

manner. 

 
𝐹2 𝑧 = 𝑛𝑔𝑚𝐿

𝑏

𝑐
 (3.43) 

 

 
𝐹2 𝑧 = 2.28 ∙ 9.80665 ∙ 1550

0.83

2.025
 (3.44) 

 

 𝐹2 𝑧 = 14205 (3.45) 
 

where:   

- 𝐹2 𝑧 is the limit ground reaction load [N] 

- 𝑛 is the limit ground reaction load factor [1] 

- 𝑔 is standard gravitational acceleration [m s-2] 

- 𝑚𝐿 is the design landing weight [kg] 

- 𝑏 𝑐⁄  is the relative distance ratio [1] 

The limit drag loads associated with each vertical ground reaction load simulate the forces 

required to accelerate the landing wheels up to landing speed. These loads can also be referred 

to as spin-up loads, and are defined by a drag component coefficient. The drag component 

coefficient is defined in Appendix C, and is determined using linear variation as shown in the 

equation bellow for the design landing weight previously specified. 

 𝐾 = 5.88 ∙ 10−5𝑚𝐿 + 0.17 (3.46) 
 

 𝐾 = 5.88 ∙ 10−5 ∙ 1550 + 0.17 (3.47) 
 

 𝐾 = 0.26 (3.49) 
 

where:   

- 𝐾 is the drag component coefficient [1] 

- 𝑚𝐿 is the design landing weight [kg] 
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The limit drag load acting on the main landing gear is dependent on the; drag component 

coefficient, limit vertical inertia load factor, design landing weight, and the ratio of the relative 

distance between the nose landing gear and center of mass to the relative distance between the 

nose landing gear and the main landing gear. This relation is expressed in the following 

equation. 

 𝐹1 𝑥 = 𝐾𝑛𝑔
𝑚𝐿

2

𝑎

𝑐
 (3.50) 

 

 
𝐹1 𝑥 = 0.26 ∙ 2.95 ∙ 9.80665

1550

2

1.195

2.025
 (3.51) 

 

 𝐹1 𝑥 = 3440 (3.52) 
 

where:   

- 𝐹1 𝑥 is the limit drag load [N] 

- 𝑛 is the limit vertical inertia load factor [1] 

- 𝑔 is standard gravitational acceleration [m s-2] 

- 𝑚𝐿 is the design landing weight [kg]  

- 𝑎 𝑐⁄  is the relative distance ratio [1] 

The limit drag load acting on the nose landing gear is determined in a similar manner. 

 
𝐹2 𝑥 = 𝐾𝑛𝑔𝑚𝐿

𝑏

𝑐
 (3.53) 

 

 
𝐹2 𝑥 = 0.26 ∙ 2.95 ∙ 9.80665 ∙ 1550

0.83

2.025
 (3.54) 

 

 𝐹2 𝑥 = 4779 (3.55) 
 

where:   

- 𝐹2 𝑥 is the limit drag load [N] 

- 𝑛 is the limit vertical inertia load factor [1] 

- 𝑔 is standard gravitational acceleration [m s-2] 

- 𝑚𝐿 is the design landing weight [kg] 

- 𝑏 𝑐⁄  is the relative distance ratio [1] 

The level landing condition (main landing gear contact) assumes the airplane to be in a level 

attitude with only the main landing gear wheels contacting the runway surface, as the nose 

wheel remains just clear of the ground. Landing gear and tire deflections are assumed to be 

equivalent to those used in the previous landing condition.  

Likewise, the limit vertical ground reaction load acting on the main landing gear is determined 

in a manner similar to that which was used in the previous landing condition. The only alteration 

is that the whole weight of the airplane is transferred into the main landing gear instead of being 

distributed between the main and nose landing gear. This results in a moment imbalance which 

is canceled by introducing an inertial moment acting in a direction opposite to that of the 

imbalance. In this case the limit vertical ground reaction load acting on the main landing gear 

is dependent on the; limit ground reaction load factor, and design landing weight, as expressed 

in the following equation. 
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 𝐹1 𝑧 = 𝑛𝑔
𝑚𝐿

2
 (3.56) 

 

 
𝐹1 𝑧 = 2.28 ∙ 9.80665

1550

2
 (3.57) 

 

 𝐹1 𝑧 = 17328 (3.58) 
 

where:   

- 𝐹1 𝑧 is the limit ground reaction load [N] 

- 𝑛 is the limit ground reaction load factor [1] 

- 𝑔 is standard gravitational acceleration [m s-2] 

- 𝑚𝐿 is the design landing weight [kg] 

The limit drag load acting on the main landing gear is determined in a similar manner. 

 𝐹1 𝑥 = 𝐾𝑛𝑔
𝑚𝐿

2
 (3.59) 

 

 𝐹1 𝑥 = 0.26 ∙ 2.95 ∙ 9.80665
𝑚𝐿

2
 (3.60) 

 

 𝐹1 𝑥 = 5829 (3.61) 
 

where:   

- 𝐹1 𝑥 is the limit drag load [N] 

- 𝑛 is the limit vertical inertia load factor [1] 

- 𝑔 is standard gravitational acceleration [m s-2] 

- 𝑚𝐿 is the design landing weight [kg]  

The tail-down landing conditions assumes the airplane to be in a tail-down attitude, pitched up 

to the stalling angle, with only the main landing gear wheels contacting the runway surface. 

Landing gear and tire deflections are assumed to be equivalent to those used in the previous 

two landing conditions. 

The ground reaction load shown in this condition consists of only a vertical component. This is 

because the main landing gear wheels are assumed to be up to speed before maximum vertical 

load is attained. Moment imbalance is again canceled by introducing an inertial moment acting 

in a direction opposite to that of the imbalance. The limit vertical ground reaction load acting 

on the main landing gear is dependent on the; limit ground reaction load factor, and design 

landing weight, as expressed in the following equation. 

 𝐹1 𝑧 = 𝑛𝑔
𝑚𝐿

2
 (3.62) 

 

 
𝐹1 𝑧 = 2.28 ∙ 9.80665

1550

2
 (3.63) 

 

 𝐹1 𝑧 = 17328 (3.64) 
 

where:   

- 𝐹1 𝑧 is the limit ground reaction load [N] 

- 𝑛 is the limit ground reaction load factor [1] 

- 𝑔 is standard gravitational acceleration [m s-2] 

- 𝑚𝐿 is the design landing weight [kg] 
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For the one-wheel landing condition, the airplane is assumed to be in a level attitude and to 

contact the ground on one side of the main landing gear. In this attitude, the ground reactions 

are equivalent to those obtained on that side under paragraph CS 23.479. 

For the side load condition, the airplane is assumed to be in a level attitude with only the main 

landing gear wheels contacting the ground and with the landing gear and tires in their static 

positions. 

The prescribed limit vertical load factor is 1.33, with the vertical ground reaction load divided 

equally between the main landing gear wheels. The limit vertical ground reaction load acting 

on the main landing gear is calculated as; 

 𝐹1 𝑧 = 1.33𝑔
𝑚𝐿

2
 (3.65) 

 

 
𝐹1 𝑧 = 1.33 ∙ 9.80665

1550

2
 (3.66) 

 

 𝐹1 𝑧 = 10108 (3.67) 
 

where:   

- 𝐹1 𝑧 is the limit ground reaction load [N] 

- 𝑔 is standard gravitational acceleration [m s-2] 

- 𝑚𝐿 is the design landing weight [kg] 

The prescribed limit side inertia load factor is 0.83, with the side ground reaction load divided 

between the main landing gear wheels so that half the design maximum weight is acting inboard 

on one side of the main landing gear, and a third of the weight is acting outboard on the other 

side. The limit side ground reaction load acting inboard on the main landing gear is calculated 

as; 

 𝐹1 𝑦 = 0.83𝑔
𝑚𝐿

2
 (3.68) 

 

 
𝐹1 𝑦 = 0.83 ∙ 9.80665

15550

2
 (3.69) 

 

 𝐹1 𝑦 = 6308 (3.70) 
 

where:   

- 𝐹1 𝑦 is the limit side ground reaction load [N] 

- 𝑔 is standard gravitational acceleration [m s-2] 

- 𝑚𝐿 is the design landing weight [kg] 

The limit side ground reaction load acting outboard on the main landing gear is calculated as; 

 𝐹1 𝑦 = 0.83𝑔
𝑚𝐿

3
 (3.71) 

 

 
𝐹1 𝑦 = 0.83 ∙ 9.80665

15550

3
 (3.72) 

 

 𝐹1 𝑦 = 4163 (3.73) 
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where:   

- 𝐹1 𝑦 is the limit side ground reaction load [N] 

- 𝑔 is standard gravitational acceleration [m s-2] 

- 𝑚𝐿 is the design landing weight [kg] 

The braked roll condition assumes the airplane to be in a level attitude with the landing gear 

and tires deflected to their static position. The prescribed limit vertical load factor is 1.33. A 

drag reaction equal to the vertical reaction at the wheel multiplied by a coefficient of friction 

equal to 0.8 is applied at the ground contact point of each of the main landing gear wheels. This 

results in a forward pitching moment that is balanced by a respective aft pitching moment as a 

result of vertical load distribution between the nose and main landing gear. The limit vertical 

ground reaction load acting on the main landing gear is calculated as; 

 
𝐹1 𝑧 =

𝑎1.33𝑔𝑚𝐿

2(0.8𝑒 + 𝑐)
 (3.74) 

 

 
𝐹1 𝑧 =

1.838 ∙ 1.33 ∙ 9.80665 ∙ 1550

2(0.8 ∙ 1.423 + 2.294)
 (3.75) 

 

 𝐹1 𝑧 = 5413 (3.76) 
 

where:   

- 𝐹1 𝑧 is the limit ground reaction load [N] 

- 𝑔 is standard gravitational acceleration [m s-2] 

- 𝑚𝐿 is the design landing weight [kg] 

- 𝑎 is the relative distance between the nose gear and CG [m] 

- 𝑐 is the relative distance between the nose and main gear  [m] 

- 𝑒 is is the vertical distance of the CG [m] 

The limit vertical ground reaction load acting on the nose landing gear is the calculated using 

static equilibrium. 

 𝐹2 𝑧 = 1.33𝑔𝑚𝐿 − 2𝐹1 𝑧 (3.77) 
 

 𝐹2 𝑧 = 1.33 ∙ 9.80665 ∙ 1550 − 2 ∙ 5413 (3.78) 
 

 𝐹2 𝑧 = 9391 (3.79) 
 

where:   

- 𝐹2 𝑧 is the limit ground reaction load on the nose gear [N] 

- 𝐹1 𝑧 is the limit ground reaction load on the main gear [N] 

- 𝑔 is standard gravitational acceleration [m s-2] 

- 𝑚𝐿 is the design landing weight [kg] 

The limit drag load acting on the main landing gear is directly proportional to its respective 

limit vertical ground reaction load. 

 𝐹1 𝑥 = 0.8𝐹1 𝑧 (3.80) 
 

 𝐹1 𝑥 = 0.8 ∙ 9391 (3.81) 
 

 𝐹1 𝑥 = 4330 (3.82) 
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where:   

- 𝐹1 𝑥 is the limit drag load [N] 

- 𝐹1 𝑧 is the limit ground reaction load on the main gear [N] 

Supplementary conditions for nose wheels prescribe additional loads acting on the nose landing 

gear. These conditions assume that the shock absorber and tires are in their static position and 

are defined by the static load acting on the nose landing gear. The static load is calculated using 

a moment equilibrium equation, which is dependent on the; design maximum weight, and the 

ratio of the relative distance between the main landing gear and center of gravity to the relative 

distance between the nose landing gear and the main landing gear (shown in figure 3.3). This 

relation is expressed in the following equation. 

 
𝐹2 𝑧 = 𝑔𝑚

𝑏

𝑐
 (3.83) 

 

 
𝐹2 𝑧 = 9.80665 ∙ 1550

0.456

2.294
 (3.84) 

 

 𝐹2 𝑧 = 3022 (3.85) 
 

where:   

- 𝐹2 𝑧 is the static load [N] 

- 𝑔 is standard gravitational acceleration [m s-2] 

- 𝑚 is the design maximum weight [kg] 

- 𝑏 𝑐⁄  is the relative distance ratio [1] 

The static load acting on the main landing gear is calculated in a similar manner. 

 𝐹1 𝑧 = 𝑔𝑚
𝑎

𝑐
 (3.86) 

 

 
𝐹1 𝑧 = 9.80665 ∙ 1550

1.838

2.294
 (3.87) 

 

 𝐹1 𝑧 = 12179 (3.88) 
 

where:   

- 𝐹1 𝑧 is the static load [N] 

- 𝑔 is standard gravitational acceleration [m s-2] 

- 𝑚 is the design maximum weight [kg] 

- 𝑎 𝑐⁄  is the relative distance ratio [1] 

Supplementary conditions for nose wheels are arranged in terms of forward, aft, side, and 

steering loads. For aft loads the limit vertical component at the axel is 2.25 times the static load 

while the drag component is 0.8 times the vertical load. 

 𝐹2 𝑧 = 2.25𝐹2 𝑧
𝑠 (3.89) 

 

 𝐹2 𝑧 = 2.25 ∙ 3022 (3.90) 
 

 𝐹2 𝑧 = 6800 (3.91) 

 

 𝐹2 𝑥 = 0.8𝐹2 𝑧 (3.92) 
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 𝐹2 𝑥 = 0.8 ∙ 6800 (3.93) 
 

 𝐹2 𝑥 = 5440 (3.94) 
 

where:   

- 𝐹2 𝑧 is the limit vertical component [N] 

- 𝐹2 𝑧
𝑠 is the static load [N] 

- 𝐹2 𝑥 is the drag component [N] 

For forward loads, the limit vertical component at the axel is again 2.25 times the the static load 

while the drag component is 0.4 times the vertical load.  

 𝐹2 𝑧 = 2.25𝐹2 𝑧
𝑠 (3.95) 

 

 𝐹2 𝑧 = 2.25 ∙ 3022 (3.96) 
 

 𝐹2 𝑧 = 6800 (3.97) 

 

 𝐹2 𝑥 = 0.4𝐹2 𝑧 (3.98) 
 

 𝐹2 𝑥 = 0.4 ∙ 6800 (3.99) 
 

 𝐹2 𝑥 = 2720 (3.100) 
 

where:   

- 𝐹2 𝑧 is the limit vertical component [N] 

- 𝐹2 𝑧
𝑠 is the static load [N] 

- 𝐹2 𝑥 is the drag component [N] 

For side loads, the limit vertical component at the axel is 2.25 times the static load while the 

side component at the ground contact is 0.7 times the vertical load.  

 𝐹2 𝑧 = 2.25𝐹2 𝑧
𝑠 (3.101) 

 

 𝐹2 𝑧 = 2.25 ∙ 3022 (3.102) 
 

 𝐹2 𝑧 = 6800 (3.103) 

 

 𝐹2 𝑦 = 0.7𝐹2 𝑧 (3.104) 
 

 𝐹2 𝑦 = 0.7 ∙ 6800 (3.105) 
 

 𝐹2 𝑦 = 4760 (3.106) 
 

where:   

- 𝐹2 𝑧 is the limit vertical component [N] 

- 𝐹2 𝑧
𝑠 is the static load [N] 

- 𝐹2 𝑦 is the side component [N] 

For airplanes with a steerable nose wheel, that has a direct mechanical connection to the rudder 

pedals, the mechanism must be designed to withstand the steering torque for the maximum pilot 

forces specified in paragraph CS 23.397 sub-paragraph (b) which is 667 Newton meters. 

The loads prescribed by the CS-23 Certification Specifications are summarized in table 3.1. 
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No. Load Condition 

Main gear reactions Nose gear reactions 

[N] [N] [Nm] 

x y z x y z Torque 

1 
Level landing   

(three point contact)  

-3440 0 10226 -4779 0 14205   

2 
Level landing  

(main gear contact)  

-5829 0 17328         

3 Tail-down landing 3603 0 16950         

4 Side load (inboard) 0 -6308 10108         

5 Side load (outboard) 0 4163 10108         

6 Braked roll -4330 0 5413 0 0 9391   

7 
Supplementary nose 

wheel (aft) 

      -5440 0 6800   

8 
Supplementary nose 

wheel (forward) 

      2720 0 6800   

9 
Supplementary nose 

wheel (side) 

      0  4760  6800   

10 
Supplementary nose 

wheel (steering) 

            667 

 

Table 3.1 Load Summary 

3.3 Tires and wheels 

Tires and wheels are selected based on static and dynamic loads as well as required braking 

energy.  Tires typically have two load ratings; maximum load referring to the maximum static 

load the tire is capable of withstanding, and approximate bottoming load referred to, as the term 

implies, the load carried by the tire at maximum deflection. As expressed previously in chapter 

3.2, the bottoming load of the main landing gear tires defines the maximum possible ultimate 

(respectively limit) vertical ground reaction load factor. The tires must be selected in such a 

way that the selected vertical ground reaction load factor does not exceed the tire’s capabilities 

and that the static load acting on the tire does not exceed the maximum loading of the tire.  

Based on these considerations, the selected main landing gear tires are; 

Brand Michelin Air 

Part Number  061-501-0 

Size  15x6.0-6 

Ply rating  6 

Speed Rating  160 [MPH] 

TL/TT  TT 

Weight  7 [lbs] 
 

Table 3.2 Main Landing Gear Tires 

The selected nose landing gear tire is; 
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Brand Michelin Air 

Part Number  070-310-0 

Size  5.00-5 

Ply rating  8 

Speed Rating  160 [MPH] 

TL/TT  TT 

Weight  6 [lbs] 
 

Table 3.3 Nose Landing Gear Tire 

Based on the complete tire data provided in appendix A, it is possible to generate an approximate 

load-deflection relationship (shown in figures 3.7 and 3.8) for each tire. This relationship is 

used in predicting tire deflection as well as its absorption efficiency. Tire absorption efficiency 

is calculated by integrating the tire’s load-deflection relationship. The main landing gear tires 

have an absorption efficiency of 43 percent while the nose landing gear has an absorption 

efficiency of 45 percent.  

Predicted tire radiuses are are listed in table 3.4 for various conditions. 

Load Condition Main Wheel Radius [m] Nose Wheel Radius [m] 

Un-loaded 0.189 0.177 

Static Load 0.143 0.164 

Limit Load 0.128 0.123 

 

Table 3.4 Predicted Tire Radiuses 

Landing gear wheels are selected to match the selected tires and to meet or exceed their load 

requirements. Similar to the tires, wheels typically have two load ratings; maximum static load 

and limit load. The main landing gear wheels also include brakes which must be selected to 

meet the required torque and brake energy. 

Based on these considerations, the selected main landing gear wheels are; 

Brand GROVE Aircraft Landing Gear Systems  

Part Number  60-162 

Size  600x6 

Static Load Rating  1750 [lbs] 

Limit Load Rating 6300 [lbs] 
 

Table 3.5 Initial Design Parameters 

The selected nose landing gear wheel is; 

Brand GROVE Aircraft Landing Gear Systems 

Part Number  59-2A 

Size  500x5 

Static Load Rating  800 [lbs] 
 

Table 3.6 Initial Design Parameters 
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Figure 3.7 Main Landing Gear Tire Load-deflection Characteristic  

  

Figure 3.8 Nose Landing Gear Tire Load-deflection Characteristic  
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4 DETAILED DESIGN  

4.1 Main landing gear 

As specified in chapter 2, the main landing gear must be a fixed spring type landing 

gear. This will consist of a composite leaf spring (main gear strut) mounted between two 

brackets. One of these brackets (upper mounting bracket) will be responsible for mounting the 

strut to the center-wing section of the airplane while the other (lower mounting bracket) will be 

responsible for mounting the wheel and tire assembly to the end of the strut. The upper 

mounting bracket is situated in the outer wing section primarily to allow for the removal of the 

airplane’s wings without being forced to remove the landing gear with them. This allows the 

aircraft to remain self-supportive when shipped in shipping containers or stored in confined 

areas. However this also provides a difficult design challenge as the upper mounting bracket 

must be mounted between two ribs relatively close to each other. From the start it is apparent 

that shear will be playing a large role in the sizing of the strut.  

4.1.1 Main Landing gear strut.  

The detailed design of the main landing gear is primarily focused on the sizing of the 

composite strut responsible for absorbing the majority of energy during landing. The process 

involved in doing so requires not only designing the strut to carry a required load but also carry 

that load at a particular deflection, specifically the one specified in the preliminary design stage. 

This make it necessary to design the strut in multiple iterations. The first iteration or sizing of 

the strut is done using conventional methods of beam design. The beam’s section is designed 

to carry the respective normal and shear stresses caused by moments and loads applied to it. 

After this its deflection is compared to the required deflection. If the beam is too stiff, the section 

is made more slender and the deflection is recounted and compared. This process is repeated 

unit the beam’s deflection matches that of the required.  

The composite material used for the main landing gear strut greatly affects its 

performance. It must have an adequate balance of strength to carry the load and elasticity to 

allow for the required deflection. The material selected for the strut is unidirectional glass-fiber 

reinforced plastic. Specifically this will consist of unidirectional plies of e-glass fiber within an 

epoxy matrix (L20 resin with EPH 161 hardener). This material selection will dramatically 

simplify the manufacturing process needed to create it, as it eliminates the need to cut and lay 

angled plies. It will also simplify its stress analysis, as it will behave as a simple orthotropic 

material eliminating the need to analyze each individual ply separately, without dramatically 

limiting its performance for this particular application. The orthotropic properties of this 

material are determined based on the individual properties of its components and their 

volumetric proportions. The fiber volume fraction of the material is selected as 60 percent, as 

it yields quality material properties while still being realistically attainable. 

E-Glass 

Elasticity modulus E [MPa] 73000 

Poisson’s ratio ν [1] 0.18 

Tensile strength σ [MPa] 3400 

EPH 161 

Elasticity modulus E [MPa] 3400 

Shear modulus G [MPa] 1019 

tensile strength σ [MPa] 70 
 

Table 4.1 Individual Component Properties  
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The longitudinal elasticity modulus and the longitudinal ultimate tensile strength is calculated 

using the rule of mixtures. Glass fiber reinforced epoxy is a laminate with stiff, high-strength 

fibers in a relatively weak, compliant matrix. As a result, the critical fiber volume fraction is 

very small, making it reasonable to substitute the unknown strength of the matrix at the point 

of fiber critical deformation with the ultimate strength of the matrix provided in table 4.1. 

However in doing so, it is important to recognize that the actual longitudinal ultimate tensile 

strength is slightly less than that calculated. The longitudinal elasticity modulus of the material 

is calculated as; 

 𝐸11 = 𝐸𝑓𝑉𝑓 + 𝐸𝑚𝑉𝑚 (4.1) 
 

 𝐸11 = 𝐸𝑓𝑉𝑓 + 𝐸𝑚(𝑉𝑐 − 𝑉𝑓) (4.2) 
 

 𝐸11 = 73000 ∙ 0.6 + 3400(1 − 0.6) (4.3) 
 

 𝐸11 = 45000 (4.4) 
 

where:   

- 𝐸11 is the composite elasticity modulus [MPa] 

- 𝐸𝑓 is the matrix elasticity modulus [MPa] 

- 𝑉𝑓 is the fiber volume fraction[1] 

- 𝐸𝑚 is the matrix elasticity modulus [MPa] 

The longitudinal tensile strength is calculated as: 

 𝜎11 = 𝜎𝑃𝑓𝑡𝑉𝑓 + (𝜎𝑚)𝜀𝑓𝑐𝑟𝑖𝑡
𝑉𝑚 (4.5) 

 

 𝜎11 = 𝜎𝑃𝑓𝑡𝑉𝑓 + 𝜎𝑃𝑚𝑡(𝑉𝑐 − 𝑉𝑓) (4.6) 
 

 𝜎11 = 3400 ∙ 0.6 + 70(1 − 0.6) (4.7) 
 

 𝜎11 = 2000  (4.8) 
 

where:   

- 𝜎11 is the composite tensile strength [MPa] 

- 𝜎𝑃𝑓𝑡 is the fiber tensile strength [MPa] 

- 𝑉𝑓 is the fiber volume fraction[1] 

- 𝜎𝑃𝑚𝑡 is the matrix tensile strength [MPa] 

The transvers elasticity modulus is calculated in a similar manner. 

 
𝐸22 =

1

𝑉𝑓
𝐸𝑓
+
𝑉𝑚
𝐸𝑚

 
(4.9) 

 

 
𝐸22 =

1

𝑉𝑓
𝐸𝑓
+
(𝑉𝑐 − 𝑉𝑓)
𝐸𝑚

 
(4.10) 

 

 
𝐸22 =

1

0.6
73000 +

(1 − 0.6)
3400

 (4.11) 
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 𝐸22 = 8000 (4.12) 
 

where:   

- 𝐸22 is the composite elasticity modulus [MPa] 

- 𝐸𝑓 is the matrix elasticity modulus [MPa] 

- 𝑉𝑓 is the fiber volume fraction[1] 

- 𝐸𝑚 is the matrix elasticity modulus [MPa] 

The transvers tensile strength is simply equal to that of the matrix since there are no fibers to 

reinforce it. Using experimental data such as is presented in [4], it is possible to determine the 

complete orthotropic properties of the main landing gear strut (shown in table 4.2). 

3-D Orthotropic material properties 

Young’s modulus 

E11 [MPa] 45000 

E22 [MPa] 8000 

E33 [MPa] 8000 

Poisson’s ratio 

ν12 [1] 0.28 

ν23 [1] 0.28 

ν31 [1] 0.04926 

Shear modulus 

G12 [MPa] 4000 

G23 [MPa] 4000 

G31 [MPa] 4000 

Tensile strength 

σ11 [MPa] 2000 

σ22 [MPa] 70 

σ33 [MPa] 70 

Shear strength τ [MPa] 75 
 

Table 4.2 3-D Orthotropic Material Properties 

The critical load condition affecting the main landing gear strut is determined by thoroughly 

assessing each prescribed load condition summarized in table 3.1. It is apparent that the critical 

load condition acting on the main landing gear strut is condition 2 (level landing with main gear 

contact only). This critical load is transformed into the strut (material) coordinate system which 

is applied in the stress analysis that follows. 

No. Load Condition 

Transformed critical load 

[N] 

x y z 

2 Level landing (main gear contact)  -13660 -5829 10668 
 

Table 4.3 Transformed critical load 

Stress analysis is accomplished using the finite element method, specifically Nastran/Patran. 

This method is especially useful when analyzing the main landing gear strut as the analysis is 

non-linear due to large deflections. Analysis of the composite beam starts with the creation of 

a new project data base in the pre-processor Patran. A STEP file containing all geometry 

prepared in a dedicated CAD program is imported into Patran. This geometry is then 2-D 

meshed using quad elements and extruded to the required thickness, completing the meshing of 

the strut. Boundary conditions are applied in a manner equivalent to that of the upper bracket. 

This is done using simple deformation constrains as well as multi-point constrains MPC’s in 

the bolted positions. The RBE2 MPC is used to constrain the longitudinal displacement of the 

bolted contacts. The RBE2 MPC creates an MD Nastran style RBE2 element, which defines a 
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rigid body between an arbitrary number of nodes. Although the user can only specify one 

dependent term, an arbitrary number of nodes can be associated to this term. The user is also 

prompted to associate a list of degrees of freedom to this term. A single independent term can 

be specified, which consists of a single node. There is no constant term for this MPC type. The 

critical load determined earlier is applied to the strut in the position of the lower mounting 

bracket through a RBE3 MPC which creates an MD Nastran style RBE3 element that defines 

the motion of a reference node as the weighted average of the motions of a set of nodes. A finite 

number of dependent terms can be specified, each term consisting of a single node and a list of 

degrees of freedom. The first dependent (tied) term is used to define the reference node. Any 

(optional) dependent terms define additional nodes/degrees of freedom (dofs) that are added to 

the m-set. These additional dependent (tied) nodes/dofs must be a subset of the independent 

(retained) nodes/dofs as defined next. An arbitrary number of independent (retained) terms must 

also be specified. Each independent term consists of a constant coefficient (weighting factor), 

a node, and a list of degrees of freedom. A 3-D orthotropic material is created according to the 

properties determined earlier. This material is then applied to the finite element model as a 

property. A non-linear analysis is selected and a structural code for Nastran is generated, 

concluding the pre-processing stage. The structural code generated in Patran is loaded into 

Nastran which generates a results file. The results file is loaded back into Patran to access the 

results which are analyzed, and the sizing of the strut is optimized. The main landing gear strut 

stress analysis is shown in appendix A. This consist of normal and shear stresses resulting from 

ultimate load as well as deflection at limit load. Yield at limit loads was not analyzed, because 

the material is assumed elastic up to fracture, as is the case with composites.  

4.1.2 Upper Mounting Bracket 

The Upper mounting bracket is responsible for fixing the main gear strut to the center wing 

section of the airplane. It must be able to counter the maximum bending moments of the strut. 

The material selected for this component is ASM 2024 aluminum alloy, common in the 

aerospace industry.  

ASM 2024 

Elasticity modulus E [MPa] 72000 

Poisson’s ratio ν [1] 0.33 

Tensile strength σ [MPa] 460 

Yield strength σ [MPa] 325 
 

Table 4.4 ASM 2024 Material Properties 

The load reactions acting on each of the four luges of the upper bracket are expressed in table 

4.5.  

Lug No. 

load reactions 

[N] 

x y z 

1 -10891 12482 -58192 

2 10891 12482 -79876 

3 10891 -15396 66856 

4 -10891 -15396 88540 
 

Table 4.5 Upper Mounting Bracket Load Reactions 
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Stress analysis is accomplished in a similar manner as it was for the main landing gear strut, 

except the analysis is linear. von Mises failure criterion results are shown in appendix A. 

4.1.3  Lower mounting Bracket 

The lower mounting bracket is responsible for transferring loads from the wheel and tire 

assembly into the main landing gear strut. The material selected for this component is the same 

as for the upper mounting bracket. The load reactions acting on each of the four bolted joints 

of the upper bracket are expressed in table 4.6.  

Bolt  No. 

load reactions 

[N] 

x y z 

1 9841 -6769 11783 

2 -3014 -6769 18778 

3 -3014 9684 -17118 

4 9841 9684 -24112 
 

Table 4.6 Lower Mounting Bracket Load Reactions 

Stress analysis is accomplished in the same manner as it was for the upper mounting bracket. 

von Mises failure criterion results are shown in appendix A. 

4.2  Nose Landing Gear 

The nose landing gear is a; fixed, steerable, variable orifice oleo shock strut design which 

consists of a welded main housing that supports a cylinder and piston assembly. The main 

housing mounts to the bottom of the airplane’s engine mount through its main attachment 

points, and to a longitudinal support brace that is mounted to the airplane’s lower fire-wall. 

4.2.1 Piston 

The piston is a weldment consisting of a piston tube, and mounting bracket. The bracket is used 

to mount the piston to the fork of the nose wheel. It also features a threaded hole into which the 

metering rod is installed. The material selected for the both the piston tube and mounting 

bracket is AISI 4340 steel. AISI 4340 alloy steel is a heat treatable low alloy steel containing 

chromium, nickel and molybdenum. It offers a very good balance of strength, toughness and 

wear-resistance. AISI 4340 can be welded using resistance welding and machined using all 

conventional techniques in its annealed or normalized and tempered conditions.  

E-4340 Annealed Hardened and tempered 

Elasticity modulus E [MPa] 200000 200000 

Poisson’s ratio ν [1] 0.3 0.3 

Tensile strength σu [MPa] 930 1080 

Yield strength σy [MPa] 755 880 

Hardness  HB [1] 269 295 
 

Table 4.7 AISI 4340 Material Properties 

Critical load conditions affecting the piston are determined again by thoroughly assessing each 

prescribed load condition summarized in table 3.1. After doing so, it is determined that the 

critical load condition is 9 (supplementary nose wheel – side). This critical load is transformed 

into the piston coordinate system that is applied in the stress analysis that follows. 
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No. Load Condition 

Transformed critical load 

[N] 

x y z 

9 Supplementary nose wheel (side) 6446 4760 2165 
 

Table 4.8 Transformed Piston Critical Loads 

The simplicity of the piston design together with the nature of the applicable loads makes it 

possible to implement simple beam stress analysis, in which the piston is sized based on its 

normal and shear stresses. The limit maximum normal stress for the selected 40x4.5 [mm] tube 

is calculated as;  

 
𝜎 =

𝑀𝑟

𝐼
 (4.13) 

 

 
𝜎 =

2807178 ∙ 20

80330
 (4.14) 

 

 𝜎 = 699 (4.15) 

 

 𝜎′ = 1.5𝜎 (4.16) 
 

 𝜎′ = 1.5 ∙ 699 (4.17) 
 

 𝜎′ = 1048 (4.18) 

 

 𝜂 =
𝜎𝑢
𝜎′

 (4.19) 

 

 
𝜂 =

1080

1048
 (4.20) 

 

 𝜂 = 1.04 (4.21) 
 

where:   

- 𝜎 is the limit maximum normal stress [MPa] 

- 𝜎′ is the ultimate maximum normal stress [MPa] 

- 𝜎𝑢 is the tensile strength of the material [MPa] 

- 𝑀 is the limit maximum bending moment [Nmm] 

- 𝑟 is the outer radius of the tube [mm] 

- 𝐼 is the cond moment of area [mm4]  

- 𝜂 is the reserve factor [1] 

The maximum shear stress is calculated as; 

 
𝜏 =

𝑉𝑄

𝐼𝑟
 (4.22) 

 

 
𝜏 =

10397 ∙ 160661

80330 ∙ 20
 (4.23) 

 

 𝜏 = 41 (4.24) 
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 𝜏′ = 1.5𝜏 (4.25) 
 

 𝜏′ = 1.5 ∙ 41 (4.26) 
 

 𝜏′ = 62 (4.27) 

 

 
𝜂 =

0.6𝜎𝑢
𝜏′

 (4.28) 

 

 
𝜂 =

0.6 ∙ 1080

62
 (4.29) 

 

 𝜂 = 10.45 (4.30) 
 

where:   

- 𝜏 is the limit maximum shear stress [MPa] 

- 𝜏′ is the ultimate maximum shear stress [MPa] 

- 𝜎𝑢 is the tensile strength of the material [MPa] 

- 𝑉 is the transvers shear force [N] 

- 𝑄 is the first moment of area [mm3] 

- 𝑟 is the outer radius of the tube [mm]  

- 𝜂 is the reserve factor [1] 

As shown by the reserve factors, both the normal and shear stresses generated by the critical 

load are less than the capabilities of the material.  

4.2.2 Cylinder 

Like the piston, the cylinder is a weldment consisting of the cylinder body, end cap, orifice 

support tube, and orifice. The end cap serves to close off the end of the cylinder body and fix it 

with the orifice support tube. It also incorporates a stem valve that is used to fill the oleo with 

SSF fluid and pressures it with nitrogen. The material selected for these components is the same 

as for the piston. 

The critical loading conditions acting on the cylinder are condition; 1 (level landing - three 

point contact), 9 (supplementary nose wheel - side) and 10 (supplementary nose wheel - 

steering). These critical loads are transformed into the cylinder coordinate system which is 

applied in the stress analysis that follows. 

No. Load Condition 

Transformed critical load 

[N] [Nm] 

x y z Torque 

1 Level landing (three point contact)  14987 0 0  

9 Supplementary nose wheel (side) 6446 4760 2165  

10 Supplementary nose wheel (steering)    667 
 

Table 4.9 Transformed Cylinder Critical Loads 

Like the piston, the simplicity of the cylinder design together with the nature of the applicable 

loads makes it possible to implement simple beam stress analysis, in which the cylinder is sized 

based on its normal and shear stresses. The tube selected for the cylinder body is 46x3 [mm]. 

The limit maximum normal stress for the selected tube consists of a bending and tensile 

component, of which the bending component is calculated as;  
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𝜎 =

𝑀𝑟

𝐼
 (4.31) 

 

 
𝜎 =

2807178 ∙ 23

94123
 (4.32) 

 

 𝜎 = 686 (4.33) 
 

where:   

- 𝜎 is the limit maximum normal stress as a result of bending  [MPa] 

- 𝑀 is the limit maximum bending moment [Nmm] 

- 𝑟 is the outer radius of the tube [mm] 

- 𝐼 is the second moment of area [mm4]  

The tensile component of the limit maximum normal stress for the selected tube is calculated 

as;  

 
𝜎 =

𝑁

𝐴
 (4.34) 

 

 
𝜎 =

6446

405
 (4.35) 

 

 𝜎 = 16 (4.36) 

 

where:   

- 𝜎 is the limit maximum normal stress as a result of tension  [MPa] 

- 𝑁 is the limit normal force [Nmm] 

- 𝐴 is the section area of the tube [mm] 

The total maximum normal stress for the selected tube is calculated as; 

 𝜎 = 𝜎′ + 𝜎′′ (4.37) 
 

 𝜎 = 686 + 16 (4.38) 
 

 𝜎 = 702 (4.39) 

 

 𝜎′′′ = 1.5𝜎 (4.40) 
 

 𝜎′′′ = 1.5 ∙ 702 (4.41) 
 

 𝜎′′′ = 1053 (4.42) 

 

 𝜂 =
𝜎𝑢
𝜎′′′

 (4.43) 

 

 
𝜂 =

1080

1053
 (4.44) 

 

 𝜂 = 1.03 (4.45) 
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where:   

- 𝜎 is the total limit maximum normal stress [MPa] 

- 𝜎′ is the limit maximum normal stress as a result of bending [MPa] 

- 𝜎′′ is the limit maximum normal stress as a result of tension [MPa] 

- 𝜎′′ is the total ultimate maximum normal stress [MPa] 

- 𝜎𝑢 is the tensile strength of the material [MPa] 

- 𝜂 is the reserve factor [1] 

The maximum shear stress consists of a bending and torsional component of which the bending 

component is calculated as; 

 
𝜏 =

𝑉𝑄

𝐼𝑟
 (4.46) 

 

 
𝜏 =

16567 ∙ 6176

94123 ∙ 23
 (4.47) 

 

 𝜏 = 47 (4.48) 
 

where:   

- 𝜏 is the limit maximum shear stress as a result of bending [MPa] 

- 𝑉 is the transvers shear force [N] 

- 𝑄 is the first moment of area [mm3] 

- 𝑟 is the outer radius of the tube [mm]  

The torsional component of the maximum shear stress is calculated as; 

 
𝜏 =

𝑀𝑟

𝐼
 (4.49) 

 

 
𝜏 =

667000 ∙ 23

188246
 (4.50) 

 

 𝜏 = 81 (4.51) 

where:   

- 𝜏 is the limit maximum shear stress as a result of torsion [MPa] 

- 𝑀 is the torsional moment [Nmm] 

- 𝑟 is the outer radius of the tube [mm]  

- 𝐼 is the second moment of area [mm4]  

The total maximum shear stress for the selected tube is calculated as; 

 𝜏 = 𝜏′ + 𝜏′′ (4.52) 
 

 𝜏 = 47 + 81 (4.53) 
 

 𝜏 = 128 (4.54) 

 

 𝜏′′′ = 1.5𝜏 (4.55) 
 

 𝜏′′′ = 1.5 ∙ 128 (4.56) 
 

 𝜏′′′ = 192 (4.57) 
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𝜂 =

0.6𝜎𝑢
𝜏′′′

 (4.58) 

 

 
𝜂 =

0.6 ∙ 1080

192
 (4.59) 

 

 𝜂 = 3.38 (4.60) 
 

where:   

- 𝜏 is the total limit maximum shear stress [MPa] 

- 𝜏′ is the limit maximum shear stress as a result of bending [MPa] 

- 𝜏′′ is the limit maximum shear stress as a result of torsion [MPa] 

- 𝜏′′′ is the total ultimate maximum shear stress [MPa] 

- 𝜎𝑢 is the tensile strength of the material [MPa] 

- 𝜂 is the reserve factor [1] 

As shown be the reserve factors, both the normal and shear stresses generated by the critical 

load are less than the capabilities of the material. 

The orifice support tube is loaded is in simple compressing. The buckling stress of the selected 

18x1 tube is calculated as; 

 
𝜎𝑏 = 𝜋

2
𝐸

𝜆2
 (4.61) 

 

 
𝜎𝑏 = 3.14

2
200000

53.162
 (4.62) 

 

 𝜎𝑏 = 735 (4.63) 

where:   

- 𝜎𝑏 is the buckling stress [MPa] 

- 𝐸 is the elasticity modulus [MPa] 

- 𝜆 is the slenderness ratio [1] 

The limit normal stress for the selected tube is calculated as;  

 
𝜎 =

𝑁

𝐴
 (4.64) 

 

 
𝜎 =

14987

53
 (4.65) 

 

 𝜎 = 449 (4.66) 

 

 𝜎′ = 1.5𝜎 (4.67) 
 

 𝜎′ = 1.5 ∙ 449 (4.68) 
 

 𝜎′ = 673 (4.69) 

 

 𝜂 =
𝜎𝑏
𝜎′

 (4.70) 
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𝜂 =

699

676
 (4.71) 

 

 𝜂 = 1.03 (4.72) 
 

where:   

- 𝜎 is the limit maximum normal stress [MPa] 

- 𝜎′ is the ultimate maximum normal stress [MPa] 

- 𝑁 is the limit normal force [Nmm] 

- 𝐴 is the section area of the tube [mm] 

- 𝜂 is the reserve factor [1] 

As shown be the reserve factor, the normal stress generated by the critical load are less than 

the capabilities of the material. 

4.2.3 Main Housing 

The main housing is a weldment consisting of a steering tube, horizontal brace, and two 

angled lateral support braces. The material selected for these components is the same as for 

the piston and cylinder. The steering tube is fitted with two bronze bushings (one at each end) 

in which the cylinder and piston assembly rotates. The horizontal brace is welded closed with 

two end caps that feature threaded holes serving as main attachment points. 

The critical loading conditions acting on the main housing are condition; 1 (level landing - three 

point contact), and 9 (Supplementary nose wheel - side). These critical loads are transformed 

into the cylinder coordinate system which is applied in the stress analysis that follows. 

No. Load Condition 

Transformed critical load 

[N] 

x y z 

1 Level landing (three point contact)  14987 0 0 

9 Supplementary nose wheel (side) 6446 4760 2165 
 

Table 4.10 Transformed Cylinder Critical Loads  

Like the piston and cylinder before, the simplicity of the main housing design together with the 

nature of the applicable loads makes it possible to implement simple beam stress analysis, in 

which the cylinder is sized based on its normal and shear stresses. The tube selected for the 

cylinder body is 67x2.5 [mm]. The limit maximum normal stress for the selected tube consists 

of a bending and tensile component, of which the bending component is calculated as;  

 
𝜎 =

𝑀𝑟

𝐼
 (4.73) 

 

 
𝜎 =

4472977 ∙ 33.5

263834
 (4.74) 

 

 𝜎 = 568 (4.75) 
 

where:   

- 𝜎 is the limit maximum normal stress as a result of bending  [MPa] 

- 𝑀 is the limit maximum bending moment [Nmm] 

- 𝑟 is the outer radius of the tube [mm] 
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- 𝐼 is the second moment of area [mm4]  

The tensile component of the limit maximum normal stress for the selected tube is calculated 

as;  

 
𝜎 =

𝑁

𝐴
 (4.76) 

 

 
𝜎 =

6446

506
 (4.77) 

 

 𝜎 = 13 (4.78) 

 

where:   

- 𝜎 is the limit maximum normal stress as a result of tension  [MPa] 

- 𝑁 is the limit normal force [Nmm] 

- 𝐴 is the section area of the tube [mm] 

The total maximum normal stress for the selected tube is calculated as; 

 𝜎 = 𝜎′ + 𝜎′′ (4.79) 
 

 𝜎 = 568 + 13 (4.80) 
 

 𝜎 = 581 (4.81) 

 

 𝜎′′′ = 1.5𝜎 (4.82) 
 

 𝜎′′′ = 1.5 ∙ 581 (4.83) 
 

 𝜎′′′ = 872 (4.84) 

 

 𝜂 =
𝜎𝑢
𝜎′′′

 (4.85) 

 

 
𝜂 =

1080

872
 (4.86) 

 

 𝜂 = 1.24 (4.87) 
 

where:   

- 𝜎 is the total limit maximum normal stress [MPa] 

- 𝜎′ is the limit maximum normal stress as a result of bending [MPa] 

- 𝜎′′ is the limit maximum normal stress as a result of tension [MPa] 

- 𝜎′′ is the total ultimate maximum normal stress [MPa] 

- 𝜎𝑢 is the tensile strength of the material [MPa] 

- 𝜂 is the reserve factor [1] 

The maximum shear stress is calculated as; 

 
𝜏 =

𝑉𝑄

𝐼𝑟
 (4.88) 
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𝜏 =

34408 ∙ 11561

263834 ∙ 33.5
 (4.89) 

 

 𝜏 = 45 (4.90) 

 

 𝜏′ = 1.5𝜏 (4.91) 
 

 𝜏′ = 1.5 ∙ 45 (4.92) 
 

 𝜏′ = 68 (4.93) 

 

 
𝜂 =

0.6𝜎𝑢
𝜏′

 (4.94) 

 

 
𝜂 =

0.6 ∙ 1080

68
 (4.95) 

 

 𝜂 = 9.6 (4.96) 
 

where:   

- 𝜏 is the limit maximum shear stress [MPa] 

- 𝜏′ is the ultimate maximum shear stress [MPa] 

- 𝜎𝑢 is the tensile strength of the material [MPa] 

- 𝑉 is the transvers shear force [N] 

- 𝑄 is the first moment of area [mm3] 

- 𝑟 is the outer radius of the tube [mm]  

- 𝜂 is the reserve factor [1] 

As shown by the reserve factors, both the normal and shear stresses generated by the critical 

load are less than the capabilities of the material. 

The tube selected for the horizontal brace is 50x2 [mm]. The limit maximum normal stress for 

the selected tube consists of a bending and tensile component, of which the bending component 

is calculated as;  

 
𝜎 =

𝑀𝑟

𝐼
 (4.97) 

 

 
𝜎 =

2397972 ∙ 25

87010
 (4.98) 

 

 𝜎 = 689 (4.99) 
 

where:   

- 𝜎 is the limit maximum normal stress as a result of bending  [MPa] 

- 𝑀 is the limit maximum bending moment [Nmm] 

- 𝑟 is the outer radius of the tube [mm] 

- 𝐼 is the second moment of area [mm4]  

The tensile component of the limit maximum normal stress for the selected tube is calculated 

as;  
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𝜎 =

𝑁

𝐴
 (4.100) 

 

 
𝜎 =

4760

302
 (4.101) 

 

 𝜎 = 16 (4.102) 

 

where:   

- 𝜎 is the limit maximum normal stress as a result of tension  [MPa] 

- 𝑁 is the limit normal force [Nmm] 

- 𝐴 is the section area of the tube [mm] 

The total maximum normal stress for the selected tube is calculated as; 

 𝜎 = 𝜎′ + 𝜎′′ (4.103) 
 

 𝜎 = 689 + 16 (4.104) 
 

 𝜎 = 705 (4.105) 

 

 𝜎′′′ = 1.5𝜎 (4.106) 
 

 𝜎′′′ = 1.5 ∙ 705 (4.107) 
 

 𝜎′′′ = 1058 (4.108) 

 

 𝜂 =
𝜎𝑢
𝜎′′′

 (4.109) 

 

 
𝜂 =

1080

1058
 (4.110) 

 

 𝜂 = 1.02 (4.111) 
 

where:   

- 𝜎 is the total limit maximum normal stress [MPa] 

- 𝜎′ is the limit maximum normal stress as a result of bending [MPa] 

- 𝜎′′ is the limit maximum normal stress as a result of tension [MPa] 

- 𝜎′′ is the total ultimate maximum normal stress [MPa] 

- 𝜎𝑢 is the tensile strength of the material [MPa] 

- 𝜂 is the reserve factor [1] 

The maximum shear stress is calculated as; 

 
𝜏 =

𝑉𝑄

𝐼𝑟
 (4.112) 

 

 
𝜏 =

14987 ∙ 5123

87010 ∙ 25
 (4.113) 

 

 𝜏 = 35 (4.114) 
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 𝜏′ = 1.5𝜏 (4.115) 
 

 𝜏′ = 1.5 ∙ 35 (4.116) 
 

 𝜏′ = 53 (4.117) 

 

 
𝜂 =

0.6𝜎𝑢
𝜏′

 (4.118) 

 

 
𝜂 =

0.6 ∙ 1080

53
 (4.119) 

 

 𝜂 = 12.23 (4.120) 
 

where:   

- 𝜏 is the limit maximum shear stress [MPa] 

- 𝜏′ is the ultimate maximum shear stress [MPa] 

- 𝜎𝑢 is the tensile strength of the material [MPa] 

- 𝑉 is the transvers shear force [N] 

- 𝑄 is the first moment of area [mm3] 

- 𝑟 is the outer radius of the tube [mm]  

- 𝜂 is the reserve factor [1] 

As shown by the reserve factors, both the normal and shear stresses generated by the critical 

load are less than the capabilities of the material. 

The angled lateral support braces are loaded in simple compression and tension. The buckling 

stress of the selected 16x2 [mm] tube is 920 megapascals. The limit normal stress for the 

selected tube is calculated as;  

 
𝜎 =

𝑁

𝐴
 (4.121) 

 

 
𝜎 =

26107

88
 (4.122) 

 

 𝜎 = 544 (4.123) 

 

 𝜎′ = 1.5𝜎 (4.124) 
 

 𝜎′ = 1.5 ∙ 544 (4.125) 
 

 𝜎′ = 816 (4.126) 

 

 𝜂 =
𝜎𝑏
𝜎′

 (4.127) 

 

 
𝜂 =

920

816
 (4.128) 

 

 𝜂 = 1.13 (4.129) 
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where:   

- 𝜎 is the limit maximum normal stress [MPa] 

- 𝜎′ is the ultimate maximum normal stress [MPa] 

- 𝑁 is the limit normal force [Nmm] 

- 𝐴 is the section area of the tube [mm] 

- 𝜂 is the reserve factor [1] 

As shown by the reserve factor, the normal stress generated by the critical load is less than the 

capabilities of the material. 

The material selected for the bushings installed at each end of the steering tube is C93200 (SAE 

660), which is a general purpose bearing alloy possessing good anti-friction properties, ample 

strength and hardness, adequate ductility and excellent machinability. Furthermore, C93200 

(SAE 660) is highly resistant to impact, wear and corrosion making it suitable for this 

application.  

C93200 (SAE 660) 

Elasticity modulus E [MPa] 100000 

Poisson’s ratio ν [1] 0.33 

Tensile strength σu [MPa] 207 

Yield strength σy [MPa] 97 
 

Table 4.11 C93200 (SAE 660) Material Properties 

These bushings are considered to be statically loaded and therefore are sized based on 

longitudinal and transvers yielding. The outer diameter of the bushing is to mount into the 

receiving end of the steering tube. The internal diameter is selected to accommodate the 

cylinder. The bottom of the bushing is flanged to carry axial loads. The maximum stress of the 

bushings as a result of transvers loading is calculated as;  

 
𝜎 =

𝑉

0.7𝑟𝑙
 (4.130) 

 

 
𝜎 =

26107

0.7 ∙ 56 ∙ 20
 (4.131) 

 

 𝜎 = 44 (4.132) 

 

 𝜎′ = 1.5𝜎 (4.133) 
 

 𝜎′ = 1.5 ∙ 44 (4.134) 
 

 𝜎′ = 66 (4.135) 

 

 𝜂 =
𝜎𝑏
𝜎′

 (4.136) 

 

 
𝜂 =

207

66
 (4.137) 

 

 𝜂 = 3.14 (4.138) 
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where:   

- 𝜎 is the limit maximum stress [MPa] 

- 𝜎′ is the ultimate maximum stress [MPa] 

- 𝑉 is the limit transvers force [N] 

- 𝑟 is the inner radius of the bushing [mm] 

- 𝜂 is the reserve factor [1] 

The maximum stress of the bushings as a result of axial loading is calculated as;  

 
𝜎 =

𝑁

𝜋(𝑅2 − 𝑟2)
 (4.139) 

 

 
𝜎 =

14987

𝜋(33.52 − 312)
 (4.140) 

 

 𝜎 = 30 (4.141) 

 

 𝜎′ = 1.5𝜎 (4.142) 
 

 𝜎′ = 1.5 ∙ 30 (4.143) 
 

 𝜎′ = 45 (4.144) 

 

 𝜂 =
𝜎𝑏
𝜎′

 (4.145) 

 

 
𝜂 =

207

45
 (4.146) 

 

 𝜂 = 4.6 (4.147) 
 

where:   

- 𝜎 is the limit maximum stress [MPa] 

- 𝜎′ is the ultimate maximum stress [MPa] 

- 𝑉 is the limit transvers force [N] 

- 𝑟 is the inner radius of the bushing [mm] 

- 𝑙 is the length of the bushing [mm] 

- 𝜂 is the reserve factor [1] 

As shown by the reserve factor, stress generated by the transvers and axial load are less than 

the capabilities of the material of which the bushing are made. 

4.2.4 Longitudinal Support Brace 

The longitudinal support brace is a weldment consisting of four tubes; the main longitudinal 

brace, the lateral brace and two angled support braces. The material selected for these 

components is the same as for the piston and cylinder and main housing. 

The critical loading conditions acting on the longitudinal support brace are condition; 7 

(supplementary nose wheel - aft), and 8 (supplementary nose wheel - forward). These critical 

loads are transformed into the cylinder coordinate system which is applied in the stress analysis 

that follows. 



54 

 

 

 

No. Load Condition 

Transformed critical load 

[N] 

x y z 

7 Supplementary nose wheel (aft) 8178 0 -2991 

8 Supplementary nose wheel (forward) 5580 0 4743 
 

Table 4.12 Transformed Cylinder Critical Loads  

Each individual tube of the longitudinal support brace is assumed to be in simple tension or 

compression depending on the load condition. Of the two critical load conditions, the first to 

be analyzed is the 7 (supplementary nose wheel - aft), because it deals with compression. The 

buckling stress of the selected 18x2 [mm] longitudinal brace tube is calculated as; 

 
𝜎𝑏 = 𝜋

2
𝐸

𝜆2
 (4.148) 

 

 
𝜎𝑏 = 3.14

2
200000

80.702
 (4.149) 

 

 𝜎𝑏 = 303 (4.150) 

where:   

- 𝜎𝑏 is the buckling stress [MPa] 

- 𝐸 is the elasticity modulus [MPa] 

- 𝜆 is the slenderness ratio [1] 

The limit normal stress for the selected tube is calculated as;  

 
𝜎 =

𝑁

𝐴
 (4.151) 

 

 
𝜎 =

19993

101
 (4.152) 

 

 𝜎 = 199 (4.153) 

 

 𝜎′ = 1.5𝜎 (4.154) 
 

 𝜎′ = 1.5 ∙ 199 (4.155) 
 

 𝜎′ = 299 (4.156) 

 

 𝜂 =
𝜎𝑏
𝜎′

 (4.157) 

 

 
𝜂 =

303

299
 (4.158) 

 

 𝜂 = 1.01 (4.159) 
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where:   

- 𝜎 is the limit maximum normal stress [MPa] 

- 𝜎′ is the ultimate maximum normal stress [MPa] 

- 𝑁 is the limit normal force [Nmm] 

- 𝐴 is the section area of the tube [mm] 

- 𝜂 is the reserve factor [1] 

For load condition 8 (Supplementary nose wheel - forward), the limit normal stress for the 

selected tube is calculated as;  

 
𝜎 =

𝑁

𝐴
 (4.160) 

 

 
𝜎 =

31704

101
 (4.161) 

 

 𝜎 = 315 (4.162) 

 

 𝜎′ = 1.5𝜎 (4.163) 
 

 𝜎′ = 1.5 ∙ 315 (4.164) 
 

 𝜎′ = 473 (4.165) 

 

 𝜂 =
𝜎𝑢
𝜎′

 (4.166) 

 

 
𝜂 =

1080

473
 (4.167) 

 

 𝜂 = 2.28 (4.168) 
 

where:   

- 𝜎 is the limit maximum normal stress [MPa] 

- 𝜎′ is the ultimate maximum normal stress [MPa] 

- 𝑁 is the limit normal force [Nmm] 

- 𝐴 is the section area of the tube [mm] 

- 𝜂 is the reserve factor [1] 

As shown by the reserve factor, the normal stress generated by the critical load is less than the 

capabilities of the material. 

4.2.5 Scissors 

Scissors are the torsional link between the cylinder and piston. These consist of an upper and 

lower scissor, which together must be able to transfer the steering torque produced by the pilot 

to the nose wheel of the airplane. The selected material for the scissors is ASM 2024 aluminum 

alloy, common in the aerospace industry.  
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ASM 2024 

Young’s modulus E [MPa] 72000 

Poisson’s ratio ν [1] 0.33 

Tensile strength σ [MPa] 460 

Yield strength σ [MPa] 325 
 

Table 4.13 ASM 2024 Material Properties 

The critical loading condition acting on the scissors is condition 10 (supplementary nose wheel 

- steering). These critical load is expressed in table 4.14. 

No. Load Condition 
Transformed critical load 

[Nm] 

10 Supplementary nose wheel (steering) 667 
 

Table 4.14 Scissor Critical Loads 

Stress analysis is accomplished in same manner as it was for the upper and lower mounting 

brackets of the main landing gear. von Mises failure criterion results are shown in appendix A. 

4.2.6 Nose Wheel Fork 

The nose wheel fork connects the nose wheel to the bottom of the piston. The selected material 

for the nose wheel fork is ASM 2024 aluminum alloy. The critical load condition is 9 

(supplementary nose wheel - side). This critical load is transformed into the fork coordinate 

system that is applied in the stress analysis that follows. 

No. Load Condition 

Transformed critical load 

[N] 

x y z 

9 Supplementary nose wheel (side) 6446 4760 2165 
 

Table 4.15 Transformed Fork Critical Loads 

Stress analysis is accomplished in same manner as it was for the upper and lower mounting 

brackets of the main landing gear. von Mises failure criterion results are shown in appendix A. 

4.2.7 Initial Strut Inflation   

The pressure in the upper chamber of the oleo nose gear strut is determined by the initial strut 

inflation pressure, the area subjected to the gas pressure (pneumatic area), and the instantaneous 

compression ratio in accordance with the polytropic law for compression of gases; 

 
𝑝 = 𝑝0 (

𝑉0
𝑉
)
𝑛

 (4.169) 

 

where:   

- 𝑝 is the pressure in the upper chamber of the oleo [MPa] 

- 𝑝0 is the pressure in the upper chamber at full extension [MPa] 

- 𝑉0 is the gas volume of the oleo at full extension. [mm3] 

- 𝑉 is the gas volume of oleo [mm3] 

- 𝑛 is the effective polytropic coefficient [1] 
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Since the instantaneous air volume is equal to the difference between the initial gas volume and 

the product of the stroke and pneumatic area; 

 
𝑝 = 𝑝0 (

𝑉0
𝑉0 − 𝐴𝑎𝑠

)
𝑛

 (4.170) 

 

where:   

- 𝑝 is the pressure in the upper chamber of the oleo [MPa] 

- 𝑝0 is the pressure in the upper chamber at full extension [MPa] 

- 𝑉0 is the gas volume of the oleo at full extension. [mm3] 

- 𝐴𝑎 is the pneumatic area [mm2] 

- 𝑠 is the stroke of oleo [mm] 

- 𝑛 is the effective polytropic coefficient [1] 

The force produced by the gas pressure is simply the product of the pressure and pneumatic 

area; 

 𝐹 = 𝑝𝐴𝑎 (4.171) 
 

where:   

- 𝐹 is the pneumatic force [N] 

- 𝑝 is the pressure in the upper chamber of the oleo [MPa] 

- 𝐴𝑎 is the pneumatic area [mm2] 

In the preceding equations, the effective polytropic coefficient n depends on the rate of 

compression and the rate of heat transfer from the gas to the surrounding environment. Low 

rates of compression would be expected to result in values of n approaching the isothermal 

value of 1.0; where higher values of n, limited by the adiabatic value of 1.4, are expected for 

higher rates of compression. A limited amount of experimental data in drop tests [5], indicates 

that the effective polytropic exponent may be in the neighborhood of 1.06 in practical cases. 

Rearranging the equations above allows to solve for the oleo inflation pressure at full extension. 

 
𝑝0 =

𝐹

𝐴𝑎 (
𝑉0

𝑉0 − 𝐴𝑎𝑠
)
𝑛 

(4.172) 

 

 
𝑝0 =

2857

1257 (
365681

365681 − 1257 ∙ 98
)
𝑛 (4.173) 

 

 𝑝0 = 1.47 (4.174) 
 

where:   

- 𝐹 is the static force acting on the oleo [N] 

- 𝑝0 is the pressure in the upper chamber at full extension [MPa] 

- 𝑉0 is the gas volume of the oleo at full extension. [mm3] 

- 𝐴𝑎 is the pneumatic area [mm2] 

- 𝑠 is the stroke of oleo at static load [mm] 

- 𝑛 is the effective polytropic coefficient [1] 

The oleo shock strut is pressurized to 1.47 megapascals in its extended position. 
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4.2.8 Orifice Design 

On small aircraft, it is often possible to use a simple hole as an orifice. This type of design is 

referred to as a fixed orifice and typically yields energy absorption efficiencies up to 85 percent. 

As aircraft size increases, it is often necessary to switch to a variable orifice. As the shock strut 

begins to compress, strut closure velocity is low and therefore, the orifice needs to be small to 

maximize efficiency. As the static position is approached, strut closure velocity increases and 

the orifice should be reduced again since strut closure speed approaches zero. 

Variable orifice designs use either a hydraulic valve or a metering pin to vary the section area 

of the orifice. The valve senses pressure change and opens or closes to increase or decrease 

flow through the orifice. The metering pin approach is simpler, more reliable, maintenance-

free, and unlike the hydraulic valve, an optimum variable orifice can be obtained by slightly 

modifying the pin diameter during drop tests. It often requires several drop tests to develop a 

metering pin that provides satisfactory performance. Initial metering pin geometry is calculated 

using a model integration method. 
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5 PRODUCTION PLANNING AND TOOL DESIGN 

The design focus of this landing gear is cost effectiveness for low volume production. This 

reinforces the decision to maintain maximum simplicity in design, as it greatly reduces the need 

for large tooling investments needed to produce the landing gear. An excellent example of this 

is the welded main housing. Its production process includes the cutting and welding of 

component tubing. An alternative to this could be using a single piece machined aluminum 

forging. Although this solution could be viewed as potentially weight saving, the cost required 

to produce it would not be feasible in low volume production. The structure of this landing gear 

utilizes three various materials, AISI 4340 alloy steel, ASM 2024 aluminum alloy, and glass 

fiber reinforced epoxy.  

All components using AISI 4340 alloy steel as a material have been designed to be machine 

able using conventional tooling, such as a three axis milling machine and lathe. TIG welding is 

used to join individual components into weldment assemblies.  

Components with complex geometry such as the main landing gear mounting brackets and nose 

landing gear scissors are designed to be machined using a CNC machining center. All of these 

components are made of ASM 2024 aluminum alloy for its excellent machinability.  

The main landing gear strut must be able to withstand large deflections without plastically 

deforming. For this reason glass fiber reinforced epoxy is chosen as a material, because it 

behaves elastically up to the point of fracture, allowing for a much more effective use of 

material. The production of the composite strut consists of a wet layup into a solid reusable 

mold. Ply orientation is constant and in the direction of the strut’s longitudinal axis. The 

reinforcement material used is unidirectional e-glass fiber. All plies are cut using a single 

template. The number of plies depends on the weight of reinforcing used. After the plies have 

been laid into the lower portion of the mold the lid with a protruding plunger is placed on top 

of the layup and clamped to the bottom portion of the mold. This ensures that the required 

volume fraction is reached. The clamped mold is allowed to cure, after which the strut is 

removed and its ends are trimmed. The final step in the production of the strut is drilling 

mounting holes to which the main landing gear mounting brackets attach.  
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6 PROTOTYPE TESTING 

The prototype testing design phase serves two main purposes; to optimize the performance of 

the product and and prove compliance with regulations. The only point of optimization without 

altering the structure of the landing gear design is the metering pin of the nose landing gear. 

After the optimization of this component, the prototype testing focuses on proof of compliance. 

Acceptable prototype testing methods to prove design compliance are prescribed in subpart D 

– Design and Construction of the CS-23 Certification Specifications. It must be shown that the 

limit load factors selected for design in accordance with paragraph CS 23.473 for take-off and 

landing weights, respectively, will not be exceeded. This must be shown by energy absorption 

tests. The simplest type of energy absorption test is a free drop test. This involves either the 

complete airplane or individual units consisting of a wheel, tire and shock absorber, in their 

proper positions being dropped from a predetermined height to obtain a desired impact velocity. 

This height is referred to as free drop height and is prescribed in paragraph CS 23.725 as; 

 
ℎ = 0.0132 (

𝑚𝑔

𝑆
)

1
2
 (4.175) 

 

 

ℎ = 0.0132 (
1550 ∙ 9.80665

12.32
)

1
2
 (4.176) 

 

 ℎ = 0.46 (4.177) 
 

where:   

- ℎ is the free drop height [m] 

- 𝑚 is the design landing weight [kg] 

- 𝑔 is standard gravitational acceleration [m s-2] 

- 𝑆 is the wing area [m2] 

In order to account for wing lift that acts on the airplane during landing, the landing gear is 

dropped with a reduced effective weight calculated as; 

 
𝑚𝑒 = 𝑚

ℎ + (1 − 𝐿)𝑑

ℎ + 𝑑
 (4.178) 

 

where:   

- 𝑚𝑒 is the effective weight [kg] 

- 𝑚 is the design landing weight [kg] 

- ℎ is the free drop height [m] 

- 𝐿 is the lift ratio [1] 

- 𝑑 is the total deflection of each landing gear [m] 

The effective weights for each landing condition is specified in table 6.1.  
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No. Load Condition 

Effective Weight 

Main gear Nose gear  Total 

[N] [N] [N] 

1 Level landing  (three point contact)  578 459 1038  

2 Level landing (main gear contact)  980 0 980 

3 Tail-down landing 980 0 980 
 

Table 6.1 Effective Drop Weights 

To simulate drag (spin-up) loads the wheels of the landing gear are spun up to landing speed in 

a direction opposite to the direction of simulated travel. 

During the impact of the landing the load factor acting on the structure is measured using 

accelerometers, and compared with the requirements prescribed in the certification 

specifications. This process is conducted for each of the four required variations; shock 

absorption tests, limit drop tests, ground load dynamic tests, and reserve energy absorption drop 

tests.  

The drop test jig fixing the landing gear to their appropriate positions is shown in figure 6.1.  

 

Figure 6.1 Drop Test Jig  
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7 CONCLUSION  

The purpose of this project is the design of a fixed tricycle landing gear for a single-

engine, four-seat, all composite airplane adhering to the CS-23 Certification Specifications by 

which it is intended to be certified. Using the design process defined in the introduction, makes 

it possible to adequately structure the landing gear design into phases of design. The initial 

design phase defines the landing gear design requirements. Subsequently the preliminary design 

phase defines the initial landing gear layout, load conditions, and various other aspects of the 

landing gear design such as wheel and tire selection. The necessary load conditions are 

prescribed by the CS-23 Certification Specifications and calculated for the specific initial data 

defined in the design requirements. The detailed design phase consists of individual component 

sizing and stress analysis. The prototype testing phase defines an acceptable testing method 

used the prove compliance with certification specifications. The final results of this project are 

expressed in the form of technical documentation contained in appendix B. This includes a 

complete set of technical drawings necessary for the production of the designed landing gear.  
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Figure A.1 Main landing gear deflection at limit load 

 

Figure A.2 Main landing gear strut normal stress at ultimate load 

 

Figure A.3 Main landing gear strut ZX shear stress at ultimate load 
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Figure A.4 Main landing gear strut YX shear stress at ultimate load 

 

Figure A.5 Lower mounting bracket ultimate load 

 

Figure A.6 Lower mounting bracket limit load 
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Figure A.7 Upper mounting bracket ultimate load 

 

Figure A.8 Upper mounting bracket limit load 

 

Figure A.9 Nose wheel fork ultimate load 
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Figure A.10 Nose wheel fork limit load 

 

Figure A.11 Nose gear scissors ultimate load 

 

Figure A.12 Nose gear scissors limit load 
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