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Abstract

The Flying-V is a novel aircraft concept that has improved fuel efficiency through its distinctive V-shaped
structure containing the pressurised cabin, fuel tanks and cargo hold. This configuration presents sev-
eral key design challenges, one of them being the design of the landing gear. Previous studies indicate
that the Flying-V landing gear significantly contributes to the total mass of the aircraft and its placement
influences overall aircraft design, both of which impact the viability of the concept. Landing gear designs
have been proposed, but are based on outdated requirements, and have notable shortcomings when
it comes to feasibility, reliability of mass estimates, aircraft integration and family design commonality.
This research aims to explore landing gear designs to identify the best solution for the Flying-V family.

A novel conceptual landing gear design framework is developed, incorporating a gear positioning and
sizing optimisation algorithm and physics-based structural sizing. The gear positioning and sizing al-
gorithm allows for efficient exploration of various design features, and can quickly adapt to changing
aircraft requirements, making it particularly suitable for the conceptual design phase and the devel-
opment of family design derivatives. The algorithm is validated using five different reference aircraft
with distinct specifications and landing gear configurations, and demonstrated its ability to accurately
predict gear positions and lengths. The use of physics-based structural sizing reduces the reliance on
statistics-based mass estimation methods, which are known to yield inaccurate results for large and
unconventional aircraft. Reference aircraft gear mass data is used to derive a finite-element mass
correction equation, improving the accuracy of the mass estimation.

Several Flying-V landing gear concepts are evaluated, each designed with different features, or opti-
mised for a different set of aircraft requirements representing any of the Flying-V family members. For
the FV-1000, this resulted in a final design that has a double folding strut, a four-wheel articulated bogie
and a strut shortening mechanism, offering a feasible solution with optimal mass and stowage proper-
ties. The gear weighs 13.6 tonnes, which is 5.1% of the aircraft maximum take-off mass (MTOM). A
derivative design for the FV-900 features the same structural components, but without an articulation
mechanism and includes dedicated rolling stock sizing, resulting in a gear weight of 13.3 tonnes, or
5.7% of MTOM. The FV-800 landing gear design follows the same concept as for the FV-1000, but
with dedicated structural and rolling stock sizing, significantly reducing mass compared to using the
FV-1000-sized common gear. The FV-800 is more constrained by fuel tank capacity and range, which
justifies deviating from the commonality principle. The dedicated FV-800 gear weighs 9.2 tonnes which
is 5.0% of the MTOM.
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1
Introduction

The aviation industry, which accounts for approximately 4% of current global warming [1], is facing
growing pressure to lower its carbon footprint. The International Civil Aviation Organization (ICAO)
aims for net-zero aviation emissions by 2050. However, with air travel demand growing at 3.6% per
year [2], and conventional aircraft architectures approaching their fuel efficiency limits [3], this is an
ambitious target. This has triggered research into disruptive technologies and unconventional aircraft
architectures, including the Flying-V. The Flying-V is a novel aircraft concept, integrating both wings
and fuselage into a single V-shaped body. After it was introduced by Benad [4], the Flying-V has been
developed into an aircraft family that roughly has a 25% higher lift-to-drag ratio compared to the NASA
common research model [3] and a 17% lower mass compared to the A350 [5]. These improvements
have a significant impact on fuel consumption, with the largest member of the Flying-V family, the FV-
1000, achieving a 20% reduction in fuel consumption compared to the A350-1000 on a similar mission
with similar payload [6]. An artist impression of the Flying-V is shown in Figure 1.1.

Figure 1.1: Flying-V artist impression [7]

To fully understand the performance advantages of the Flying-V over conventional aircraft and evaluate
its overall feasibility, a comprehensive study of its landing gear system is required. For traditional
aircraft, the weight of the landing gear is substantial, accounting for 3.5-5% of the maximum take-
off mass [8]. For the Flying-V, it is expected that the weight contribution of the landing gear is even
greater due to the long landing gear legs necessary for take-off and landing [9]. Furthermore, it can
be concluded that the positioning of the landing gear has a large impact on the design of the Flying-V
family, such as the location of the common fuselage section [10]. The limited space available presents
additional challenges for stowing the landing gear without compromising aerodynamic performance
and fuel tank volume.

Landing gear designs have been proposed by Bourget [9] and Rehbein [11], however, both designs
have shortcomings. Bourget’s design features complex kinematics and unverified feasibility. Moreover,
the mass estimate is derived using a method that is known to yield inaccurate results for unconven-
tional and large transport aircraft. On the other hand, Rehbein’s design offers simplified kinematics
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2 Chapter 1. Introduction

and a more representative quasi-analytical mass estimate, but its folded gear position is deemed un-
favourable in terms of aerodynamics, integration, and family design commonality. Both designs are
based on outdated aircraft properties and requirements.

More fundamentally, both Bourget and Rehbein have focused on the development and assessment
of a single gear concept based on a static set of requirements. However, during the conceptual de-
sign phase, aircraft properties and requirements are rapidly evolving and involve trade-offs to achieve
the best possible compromise. This is especially true for the Flying-V, being new and unconventional,
naturally having a lot of unknowns and uncertainties, with aircraft properties and requirements getting
frequent updates. A landing gear design concept exploration is needed that allows for exploring the
effect of family design commonality and top-level landing gear design considerations in terms of fea-
sibility, integration and mass in an early design stage. This supports further aircraft and landing gear
research, as well as design trade-offs, ultimately leading to a better overall design.

1.1. Research Objective
The main objective of is this research is:

To set up a Flying-V landing gear design exploration, comparing various landing gear con-
cepts to identify the most suitable landing gear for the Flying-V, using a dynamic, physics-
based conceptual design and mass estimation method.

Resulting in the following research question:

What is the best landing gear for the Flying-V family?

Which can be split in the following sub-questions:

1. What criteria determine the optimal landing gear design for the Flying-V family?
2. How do Flying-V landing gear design considerations affect landing gear feasibility and perfor-

mance?
3. What is the penalty of imposing derivative landing gear designs for the Flying-V family?

1.2. Thesis Outline
The research questions are addressed in the following chapters. Chapter 2 presents the research back-
ground, including an overview of landing gear fundamentals and previous Flying-V research relevant
to the design of the landing gear. Moreover, the chapter outlines the state-of-the-art when it comes to
conceptual landing gear design and landing gear mass estimation. Lastly, also an overview of land-
ing gear design requirements is provided. Chapter 3 presents the design exploration setup, as well
as the conceptual design and gear analysis methodologies. Verification, validation and calibration of
the proposed methodologies is discussed in Chapter 4. In Chapter 5, the methods are applied to the
Flying-V, resulting in a wide range of landing gear concepts contributing to the design exploration. Gear
analysis results are discussed in Chapter 6. Chapter 7 reflects on the research questions, concludes
the research, and provides recommendations for future research.



2
Background

This chapter presents background information relevant to this study. Fundamental landing gear knowl-
edge is outlined, followed by a description of the Flying-V state-of-the-art, specifically that of preceding
Flying-V landing gear studies and associated work. After that, conceptual landing gear design methods,
requirements and mass estimation methods are discussed.

2.1. Introduction to the Landing Gear
Before delving into the specific details of the Flying-V and its landing gear design, it is important to
first become familiar with the fundamentals of landing gear systems in general. This section provides
insight into basic landing gear terminology, as well as key functions, components, and configurations
commonly found on large transport aircraft. In addition, landing gear kinematics and mechanisms are
discussed.

2.1.1. Landing Gear Functions and Components
The landing gear is one of the most complex and diverse systems on an aircraft due to its extensive
range of functions and requirements, as well as the diverse array of distinct components it comprises
[12]. The landing gear needs to provide a stable platform for ground manoeuvres, but on the contrary,
it needs to maintain the right degree of instability for takeoff rotation. The landing gear plays a pivotal
role in ensuring that all aircraft components such as engines, wingtips and fuselage remain clear of the
ground during take-off and landing. It absorbs landing impact energy and ground manoeuvring shocks
to mitigate airframe stress, and facilitates braking after landing and while taxiing. Typically, the landing
gear is made to retract during flight, minimising aerodynamic drag to enhance fuel efficiency.

The main landing gear of a large transport aircraft typically consists of a shock strut that provides
primary support to the aircraft during landing and taxiing. The strut is connected to the trunnion and
support braces, which attach the landing gear to the airframe and support the gear in all relevant loading
directions. Typically, locking mechanisms need to be provided to ensure that the strut can be locked into
its retracted or folded position. The integrated shock absorber helps to absorb shocks and vibrations,
reducing stress on the airframe and providing a smooth ride for passengers. The shock absorber piston
is connected to an axle with wheels and tyres, which allow for ground manoeuvring and ensure that
ground forces are properly transferred to the landing gear structure. If loads need to be distributed
over a larger number of wheels, multiple axles may be integrated into a bogie assembly. When a bogie
is implemented, it is typically required to have a torque link between the shock absorber piston and
outer cylinder to maintain wheel alignment during ground manoeuvring. Main landing gear have brake
assemblies responsible for applying braking force to the wheels, with brake rods transferring braking
torque from the wheels to the main strut. An overview of these key components can be found in Figure
2.1.

2.1.2. Landing Gear Configurations
Landing gear configurations are categorised based on their specific strut layout and typology, each
tailored to suit different aircraft requirements. In terms of strut configurations, three primary layouts
stand out: the conventional (or taildragger), bicycle, and tricycle layouts. The conventional and bicycle
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8. Bogie beam assembly

12. Brake rods
11. Tyres and wheels

10. Brake assembly

9. Bogie positioning 
mechanism

7. Main strut, oleo piston

3. Main strut, oleo cylinder

6. Torque link

4. Side brace

5. Drag brace

2. Down lock

1. Trunnion

Figure 2.1: Overview of landing gear components, figure adapted from Rajamani et al. [13]

layouts employ a single support on the centreline behind the centre of gravity and one or more supports
in front of the centre of gravity. In contrast, the tricycle layout is characterised by at least two main
supports situated behind the aft centre of gravity limit and a single nose support on the centreline. The
tricycle layout is the standard for modern large transport aircraft design, as it provides superior stability
and offers the convenience of a horizontal ground attitude, facilitating efficient loading and boarding
and superior visibility for pilots [12]. Specifically for the Flying-V, it is essentially the only layout that fits
the V-shaped fuselage. Examples of the tricycle layout are illustrated in Figure 2.2a and 2.2c.

Landing gear typologies can be broadly classified into two primary categories: cantilevered (or tele-
scopic) gear and articulated gear. The articulated gear features a distinctive hinged lever mechanism
that connects the wheel axle to the primary fitting, allowing for a compact shock absorber design. The
cantilevered gear, on the other hand, is characterised by its direct mounting of the wheel axle to the
shock absorber. Because of its simplicity, it is generally preferred for nose and main landing gears [14].
Examples of cantilevered typologies are illustrated in Figure 2.2b and 2.2c.

FWD

(a) Tricycle gear layout.

Cantilevered Cantilevered Bogie

(b) Cantilevered (telescopic) gear typologies. (c) A350-900 with a cantilevered nose gear and
bogie cantilevered main gears in tricycle

configuration. [15]

Figure 2.2: Overview of the standard landing gear configuration of large transport aircraft.

2.1.3. Landing Gear Mechanisms
Landing gear systems of large transport aircraft comprise mechanisms that ensure that the landing
gear can be retracted to reduce aerodynamic drag [12]. Key to evaluating landing gear feasibility is
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an assessment of kinematics and retraction path [8]. An overview of relevant retraction and extension
mechanisms are outlined in this section. Additionally, special landing gear features related to compact
landing gear stowage is discussed.

Retraction and Extension Kinematics
Fundamentally, two top-level kinematics mechanisms may be defined: sliding mechanisms and hinged
mechanisms. Although sliding mechanisms have been reliably used on large transport aircraft, virtually
all contemporary aircraft have hinged landing gears as they offer superior robustness [12]. Conway [16]
defined a range of fundamental hinged kinematics, as illustrated in Figure 2.3. Hinged mechanisms
are characterised by having one or more folding braces (Figure 2.3a), or a folding strut (Figure 2.3b
and 2.3c, the latter often referred to as drop link arrangements. Please note that these mechanisms
can be modified to make the gear retract in any direction.

(a) Pivoting main strut with a folding
brace.

(b) Folding main strut, pivoting brace, variation 1. (c) Folding main strut, pivoting brace,
variation 2.

Figure 2.3: Principal landing gear hinged kinematics [16].

Braces, or stays, typically support the structure to withstand side and drag loads applied to the landing
gear. Locking mechanisms must be provided to secure the landing gear in its extended and retracted
position [17]. Planar brace and locking mechanisms are generally preferred, as they offer the simplest
and lightest solution [12]. They are typically used to support landing gears that retract forward, such
as the nose gear, as wall as sideways retracting gears, if permitted by space and structural constraints.
Figure 2.4a illustrates the planar retraction mechanism of the A320 nose gear. In situations where
there is insufficient space or structure to incorporate a planar brace, which is often the case with most
large transport aircraft, a rolling-folding brace may be utilised. Unlike planar braces, rolling-folding
mechanisms fold and rotate simultaneously during retraction. The dual rolling-folding bracemechanism
of the Boeing 767 main gear is illustrated in Figure 2.4b. In certain instances, a telescopic brace
may be used instead of a folding brace. Telescopic braces offer superior locking capabilities with
higher resistance to vibrations, and are frequently used when beneficial in terms of stowage [12] and
mitigating the need for an additional actuator. A telescopic brace has been employed on the Concorde,
as demonstrated in Figure 2.4c.

(a) A320 planar nose gear brace,
adapted from Airbus [18].

(b) Boeing 767 dual rolling-folding brace,
adapted from Schmidt [12].

(c) Concorde telescopic main gear brace, adapted
from [12].

Figure 2.4: Overview of common landing gear retraction mechanisms.

Special Features
The potential benefits of implementing special features to reduce the stowage footprint of the Flying-V
landing gear have been highlighted in prior research [9]. Bogie articulation has been presented as a
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means to effectively reduce the required main strut length. When the bogie is articulated the bogie
pivots along with shock absorber extension, which causes the aft wheel axle to extend further than the
extension of the shock absorber alone, effectively creating more gear length. As an additional benefit,
tyre spin-up loads are distributed more efficiently, as not all wheels touch the ground simultaneously.
Figures 2.5a and 2.5b show the articulation mechanisms of the A330/A340 and Boeing 777 respectively.

(a) A330/A340 articulation mechanism, adapted from Schmidt [12]. (b) Boeing 777 bogie beam locking mechanism [19].

Figure 2.5: Bogie articulation mechanism.

Apart from bogie articulation, also a strut shortening mechanism has been proposed as a way to reduce
the stowage footprint [9]. Strut shortening mechanisms pull up the shock absorber assembly within the
main strut cylinder, effectively negating the extension of the shock absorber due to decompression.
Such mechanisms have been successfully integrated in the landing gear of the Concorde and Airbus
A330/A340 family. An example of a strut shortening mechanism is illustrated in Figure 2.6.

Figure 2.6: Concorde main landing gear shortening mechanism, adapted from Schmidt [12].

Looking at the fundamental kinematic schemes in Figure 2.3, the stowage footprint can also be reduced
by adding an additional hinge axis to form a drop link arrangement. Although it adds complexity, this
could be the only viable solution for the Flying-V [9]. A drop link arrangement is found on most Gulf-
stream aircraft, the Fokker 50, the de Havilland Canada Dash 8 and the Convair B-58 Hustler, the latter
being illustrated in Figure 2.7.

Looking at Figure 2.7, one can see that the B-58 bogie is folded parallel to the main strut in the folded
position, allowing for more compact stowage. In order to be able to achieve that, the connection of the
bogie beam needs to be offset from the shock absorber piston. A so-called ’hockey stick’ arrangement
has been employed on the B-58 to offset the shock strut from the bogie midpoint. This, however,
exposes the strut to large bending moments. An alternative solution is illustrated in Figure 2.8, where
the bogie pivot is located above the bogie beam. For both solutions, it is crucial to ensure that the
angle between the tyre contact patch’s centre and the bogie pivot’s centre is less than 45◦, according
to Schmidt [12]. If this condition is not met, spin-up loads cause the bogie to tilt downward upon
touchdown, resulting in excessive loads on the leading wheels.

Whenever a specific orientation of the bogie in stowed position is required, the strut folding axis can
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Figure 2.7: Convair B-58 Hustler drop-link main landing gear, adapted from Schmidt [12].

Figure 2.8: Bogie with pivot above bogie beam, adapted from Currey [20].

be skewed [12]. A mild skew is typically employed on the main gear pintle axle of most large transport
aircraft. Aggressive skew angles are often employed on fuselage-mounted gears, such as that of the
Panavia Tornado, as displayed in Figure 2.9.

Figure 2.9: Panavia Tornado, main gear with skewed folding axis, adapted from Schmidt [12].
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2.2. The Flying-V and its Landing Gear
This section provides an overview of relevant research related to the Flying-V and its landing gear
design. It encompasses a review of the evolution of the Flying-V design, emphasising the need for a
landing gear design and mass estimation. The section concludes with a review of the development of
the landing gear design itself.

2.2.1. Flying-V Design Evolution
The Flying-V is introduced by Benad [4] as a novel aircraft concept, arranging two fuselage barrels in
a V-shaped high sweep angle wing. Since then, many studies have contributed to the current Flying-V
concept. Where initial research mainly looked at structural and aerodynamic feasibility, research focus
has gradually focused more towards design refinement, including family design, flight performance
optimisation and component level design considerations.

A family of Flying-V aircraft has been introduced by Oosterom [10], presenting the FV-800, FV-900,
and FV-1000 from smallest to largest. The aircraft were developed through a multidisciplinary design
optimisation aimed at minimising fuel consumption while maximising family commonality. The FV-1000
floor plan is illustrated in Figure 2.10. The family concept presents fuselage plugs that can be inserted
or removed aft and in front of a common fuselage section to adjust the size of the inner wing, effectively
changing the size of the aircraft. The shared section is of particular interest as it accommodates landing
gear and engine, as well as landing gear stowage. The location of the common fuselage section is a
direct result of the location of the landing gear. The size of the stowed landing gear must be minimised
as much as it compromises the available fuel tank volume.

Figure 2.10: FV-1000 floor plan, visualising the plugs to form a FV-800 or FV-900 variant [10]. Image was modified from R. Vos.

Further research on the Flying-V family has been conducted by van der Toorn [21], looking into stability
and control characteristics, as well as mass properties. The mass properties in particular are of great
interest for the landing gear design. Van der Toorn presents a feasible centre of gravity range for all
Flying-V family members. The feasible range of the FV-900 is shown in Figure 2.11a. Additionally,
a loading diagram for the FV-900 is presented, as shown in Figure 2.11b. Interestingly, the loading
diagram suggests a strong relation between the centre of gravity location and aircraft mass, which,
upon inspection of Figure 2.10, can be explained by a large portion of the fuel tank volume being
located aft of the centre of gravity. Practically, this implies that the forward centre of gravity cannot be
reached for high fuel loads, which could be beneficial for nose gear structural requirements.

Research conducted by de Zoeten [22] compared the landing and take-off performance of the Flying-V
with the Airbus A350. The study revealed that the Flying-V requires a shorter take-off distance and a
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(a) Feasible centre of gravity range for the FV-900, indicated
by red arrow.

(b) Loading diagram of the FV-900 (including fuel
balancing).

Figure 2.11: FV-900 mass properties [21].

similar landing distance compared to the A350. However, it needs a significantly larger pitch attitude
for both take-off and landing, which must be accommodated by the landing gear. Given the objective
of achieving similar landing and take-off performance compared to the A350, the take-off speed can be
increased to decrease take-off pitch attitude, as there is room to increase take-off distance. However,
this cannot be done for landing as increasing landing speed would increase landing distance, which
is already similar to that of the A350. It has been suggested to utilise spoilers to generate downforce,
increasing the vertical load on the main gear, increasing braking performance and consequently, re-
ducing landing distance [22, 23]. It should be noted that generating downforce and increasing braking
loads imposes increased loads on the landing gear as well, which needs to be accounted for. As an
additional measure to increase landing performance, the use of split flaps has been proposed [24].
The resulting reduction in landing pitch attitude reduces the time required for de-rotation, such that
the Flying-V can start braking more rapidly after touchdown, reducing landing distance. Additionally, a
reduced pitch attitude alleviates ground clearance requirements, allowing for a shorter gear.

Oosterom and Vos [25] recognised that the proposed enginemounting position for the Flying-V presents
an opportunity for the structural integration of the engine mounting structure with the gear attachment
and stowage bay. Subsequently Voeten [26] proposed three different engine mounting structure con-
cepts, which are illustrated in Figure 2.12. All concepts allow for the engine to be lowered from its
mounting structure for maintenance or replacement without the need to remove the landing gear, which
is logically considered to be a primary requirement. The box-structure of concept 3 was selected for
further refinement as the integration of the landing gear bay inside the mounting structure was con-
sidered advantageous. The concept does, however, come with a much longer load path compared
to concept 1, imposing larger bending moments and consequently, a possible increase in structural
weight. Next to that, the concept imposes significant constraints on the landing gear design in terms of
both attachment and stowage.

2.2.2. Landing Gear Design Evolution
Initial research on the Flying-V landing gear has been conducted by Bourget [9]. It was found that tradi-
tional landing gear design practice is largely based on experience, and because of the unconventional
character of the Flying-V, this experience may not always be applicable. Therefore, Bourget proposed
a holistic gear design method, which considers ground stability and manoeuvring criteria, gear mass,
rotation ability, fairing drag, cabin floor height, and the effect of implementing wing dihedral on low-
speed aerodynamics and gear height. This design, as depicted in Figure 2.13, was based on the best
available Flying-V characteristics and requirements at that time, and demonstrates satisfactory ground
stability, rotation capability, and ground handling abilities. However, the landing gear system features
long legs and complex kinematics, including a double folding main strut and a bogie that requires an
additional rotation around the shock strut for stowage. The mechanical feasibility of such a system
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(a) Concept 1 (b) Concept 2 (c) Concept 3

Figure 2.12: Flying-V engine mounting structure concepts [26]

remains unverified. Additionally, outriggers are required to prevent the wing tips from touching the
ground when maximum pitch and roll angle are applied simultaneously, adding complexity and mass.
To reduce the length requirement, bogie articulation is proposed, further increasing complexity. Land-
ing gear mass is estimated using an empirical method, known to yield inaccurate results for large and
especially unconventional aircraft [12]. Results are shown in Table 2.1.

(a) Top, front and side view of the landing gear, showing folded and extended gear positions.

(b) Double folding gear retraction mechanism.

Figure 2.13: Flying-V landing gear for default dihedral (blue), Floor 5.5m dihedral (red) and max dihedral (green), as proposed
by Bourget [9].
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Table 2.1: Flying-V landing gear mass results from Bourget [9].

Item Unit Bourget (floor 5.5)
Main gear kg (% MTOM) 5.4×103 (2.08%)
Nose gear kg (% MTOM) 1.47×103 (0.57%)
Total kg (% MTOM) 12.3×103 (4.73%)

2.3. Conceptual Landing Gear Design Methods
The current Flying-V design state calls for an assessment of landing gear feasibility and mass based
on the latest requirements following from the family design [25] and updated centre of gravity locations
[27]. To facilitate this, it becomes imperative to design a ’conceptual landing gear’.

Historically, landing gear design has been largely based on experience [8, 28], with the design pro-
cesses for the landing gear and the aircraft being treated separately [12, 29]. During the conceptual
phase of aircraft design, the landing gear requirements are established. These requirements are then
used to choose a suitable gear based on semi-empirical relationships and historical landing gear de-
signs, without any aircraft design feedback loop. This process, which is described in high detail in
the landing gear design manuals of Conway [16], Currey [20] and Schmidt [12], is not suitable for de-
signing landing gear for novel, unconventional aircraft concepts, such as the Flying-V. While traditional
methods usually yield feasible gear designs when designed for aircraft similar to the current state-of-
the-art, this cannot be guaranteed when relevant experience is scarce [30]. Next to that, the lack of an
aircraft design feedback loop often leads to a compromised overall system integration and optimality
of both the aircraft and landing gear [28], which cannot be solved in later design stages. Lastly, the
exploratory nature of unconventional aircraft design may generate frequent updates to landing gear re-
quirements, resulting in labour-intensive, time-consuming, and expensive updates to the landing gear
design if performed in a traditional way [20].

To address these issues, physics-based design methods have been employed [8, 14, 31, 32]. Instead
of relying on experience, physics-based methods use aircraft characteristics and requirements to cal-
culate the position and size of the landing gear directly. If used in an automated design environment,
this allows for quick design iterations and optimisation. Predefined load cases can be used to size the
structural components and optimise wall thickness for minimum structural mass [8, 14]. Some meth-
ods incorporate the aircraft into the design loop for enhanced integration and a more optimised overall
design [29, 30, 33]. It has been demonstrated that interdisciplinary physics-based landing gear design
methods can be particularly beneficial when designing landing gear for unconventional aircraft, e.g.,
when no experience is available [30]. State-of-the-art physics-based landing gear design methods em-
ploy optimisation algorithms to minimise the mass of the primary structure by varying wall thickness
and joint locations [34], or minimise the mass of the rolling stock by adjusting the bogie configuration
and dimensions [35].

2.4. Landing Gear Design Requirements
Regardless of whether the landing gear is designed using a traditional, or physics-based designmethod,
its design is influenced by a multitude of aircraft properties and requirements. It can easily be substanti-
ated that in order to have a stable platform, the landing gear needs to be positioned such that the aircraft
centre of gravity is always between the nose and main gear. However, the position of the landing gear
also affects the amount of landing gear length required to ensure ground clearance during landing and
take-off. In addition, the position needs to facilitate efficient integration with the airframe in terms of
attachment and stowage. This section aims to provide an overview of landing gear requirements and
aircraft properties relevant to conceptual landing gear design.

2.4.1. Stability
The design of the landing gear must ensure that it can adequately support the aircraft under all intended
operating conditions, while also allowing for sufficient instability for the aircraft to rotate for take-off and
smoothly derotate after landing. Figure 2.14 illustrates landing gear ground reaction loads. The aircraft
is said to be longitudinally stable if either all nose and main gear reaction loads are negative, or if main
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gear reaction loads are negative and aircraft pitch is controlled by inertia and control surfaces. This
needs to be ensured for all possible centre of gravity locations and aircraft attitudes. Please note that
the z-axis is defined positive in downward direction.

In general, the main landing gear is placed as far forward as possible to minimise control surface force
required for take-off rotation and to avoid abrupt derotation after touch-down [12]. This is particularly
important for the Flying-V, which due to its tail-less V-shaped design has a shorter control surface
moment arm compared to conventional aircraft, compromising its ability to control pitch, in particular at
low speed [9, 36, 37]. Conversely, the landing gear needs to be positioned far enough aft to prevent
the aircraft from becoming unstable at maximum pitch-up attitude, known as rotated tipover, or when
braking after push-back, known as push-back tipover [20]. The tipback angle θtpb, as illustrated in
Figure 2.14 and defined in Equation 2.1, represents the position of the main landing gear pivot relative
to the centre of gravity, and is a helpful metric when evaluating longitudinal stability. Schmidt [12]
recommends that the tipback angle should be less than 25◦, but greater than the maximum aircraft tail-
down angle to prevent rotated tipover. To avoid push-back tipover, Currey [20] recommends a tipback
angle greater than 15◦.

θtpb = tan−1
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Figure 2.14: Longitudinal stability: landing gear reaction loads

In addition to longitudinal stability, the landing gear must provide lateral stability such that the aircraft
does not roll over during a cross-wind landing or while taxiing. For tricycle landing gear, lateral stability is
evaluated using the lateral turnover angle ψtno, as illustrated in Figure 2.15 and formulated by Equations
2.2, 2.3, 2.4 and 2.5. The turnover angle must be evaluated for the most forward centre of gravity
location and static shock absorber and tyre deflections. The aircraft is considered laterally stable if the
lateral turnover angle is less than 63◦, as this ensures that the tyres will slide before turnover happens
[12, 20]. In practice however, aircraft typically have lateral turnover angles in the range 30◦ to 50◦ to
increase the operational envelope.

αtno = tan−1

(
lT,mlg − lT,nlg

lx,nlg/CG + lx,mlg/CG

)
(2.2)

lx =
lT,nlg

tanαtno
(2.3)

ly,CG/tno = (lx,nlg/CG + lx) sinαtno (2.4)

ψtno = tan−1

(
lz,gcp/CG

ly,CG/tno

)
(2.5)
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Figure 2.15: Turnover requirement for tricycle arrangement lateral stability. Inspired by Schmidt [12].

2.4.2. Strength
As for virtually all aircraft components, the design of a landing gear is a trade-off between mass, cost,
reliability and performance [12]. In the first place, the landing gear must be strong enough to withstand
all anticipated static and dynamic loads throughout its service life. Yet, it is equally imperative that the
gear is as lightweight and cost-effective as possible. In this section, landing gear load cases, common
failure modes and material properties are discussed.

Load Cases
Landing gears are subjected to a wide variety of loads, including ground loads, aerodynamic loads,
inertial loads, and loads that may arise in case of equipment failure. Traditionally, the structural sizing
of landing gears is based on ground load cases prescribed by regulations [12]. Ground load cases, as
defined by the Certification Specification for Large Aeroplanes (CS-25) fromEASA or its FAA equivalent,
have been effectively incorporated into physics-based landing gear design models in earlier research
[8, 14, 26, 29, 31–33, 38]. An overview of load cases that were considered critical in these studies is
outlined in Table 2.2. A detailed description of these load cases can be found in Appendix A.

Table 2.2: Overview of CS-25 landing gear ground load cases used for structural analysis in this research

Item Description Type
CS 25.479 Level landing conditions Landing
CS 25.481 Tail-down landing conditions Landing
CS 25.483 One-gear landing conditions Landing
CS 25.485 Side load conditions Landing
CS 25.491 Taxi, take-off and landing roll Ground handling
CS 25.493 Braked roll conditions Ground handling
CS 25.495 Turning Ground handling
CS 25.503 Pivoting Ground handling
CS 25.507 Reversed braking Ground handling

General ground load conditions are prescribed by certification specification 25.471. It states that maxi-
mum loads for each landing gear component must be calculated considering the least favourable centre
of gravity location. In case of multiple wheel landing gear units, the distribution in wheel loads may not
be equal due to factors such as aircraft attitude, tyre deviations, surface unevenness, and bogie artic-
ulation. CS 25.511 mandates that any variations in these loads must be taken into account.

General landing load conditions and general ground handling load conditions are outlined by CS 25.473
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and CS 25.489 respectively. CS 25.473 specifies maximum descent velocities and aircraft mass that
need to be considered when evaluating landing load cases. During landing, aircraft lift may be as-
sumed equal to aircraft weight, implying that the landing gear only absorbs vertical kinetic energy upon
touchdown. Ground handling conditions specify that ground handling load cases need to be evaluated
with the aeroplane at design ramp mass, with zero wing lift, and with shock absorbers and tyres in
their static position. Load analysis needs to consider dynamic phenomena, such as shock absorber
and tyre characteristics, spin-up and spring back loads, rigid body responses, and structural dynamic
response of the airframe. However, during initial sizing, dynamic phenomena may be accounted for
using conservative quasi-static approximations [8, 12, 17].

Failure Modes
Loads prescribed by CS-25 load cases are limit loads, which is the maximum load to be expected
in service. The landing gear structure must be sized to support limit loads without any permanent
deformation. CS 25.303 prescribes that a 1.5 safety factor must be applied to any externally applied
limit load to obtain the ultimate load [17]. The landing gear structure must be sized to support ultimate
loads for at least three seconds without failure. Translating this to material stress limits, this means that
limit loads may not result in stress higher than the material yield strength, and ultimate loads may not
result in stress higher than the material ultimate strength [12].

When a structure experiences a combination of axial, bending, shear, and torsional loads, the onset
of material yielding can be forecasted using the maximum distortion energy criterion, also known as
the von Mises yield criterion [39]. The criterion states that yielding of a ductile material, e.g., a metal,
starts when the equivalent von Mises stress σMises is higher than the material yield strength σy. The
equivalent von Mises stress can be calculated using Equation 2.6, where σzz is the normal stress due
to combined axial and bending loads, and τzs is the shear stress due to combined transverse shear and
torque loads. The von Mises yield criterion has been employed to determine the required wall thickness
of landing gear structures in prior studies, using limit loads as sizing loads [8, 29, 32]. Typically, a 1.5
safety factor is used to ensure that actual stress resulting from limit loads and ultimate loads, stay well
below the material yield stress and ultimate stress limits, respectively [40].

σMises =
√
σ2
zz + 3τzs (2.6)

In long and slender structural components subjected to compressive loading, such as the drag and
side stays, failure is generally caused by buckling instead of compression yielding [8, 12]. When the
compressive load in the material reaches a certain critical buckling load, the member may suddenly
become unstable, leading to the member losing its load-carrying capacity. The critical buckling load
Fcritical in a two forcemember, e.g., a trussmember, can be estimated using Euler’s critical load equation,
as formulated by Equation 2.7 [8, 39]. Here, E is the Young’s modulus, I is the second area moment,
and l is the beam length. K is the dimensionless effective length factor, which is 1 for a pin-ended
member, and 0.5 for a member with fixed ends.

Fcritical =
π2EI

(Kl)2
(2.7)

CS 25.571 prescribes that landing gear components need to be designed following the safe-life design
principle, meaning that the structural members must be free of fatigue cracks during their design life
[12]. Typical design lives for landing gear structures are 50,000 cycles for short-haul aircraft and 25,000
cycles for long-haul aircraft. The maximum permissible cyclic stress is generally significantly lower than
the yield stress limits of the material and depends on the number of cycles the material may be exposed
to before failure.

Landing Gear Materials
Selecting the right landing gear material is a crucial part of landing gear design. Landing gear materials
need to have a high strength-to-weight ratio (specific strength), be resistant to corrosion, fit within the
designated space, and be suitable for the intended type of loading. The material must have adequate
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stiffness to prevent unwanted dynamic behaviour or elastic deformation. Furthermore, material tough-
ness and fatigue resistance must be sufficiently high to ensure the structure does not fail throughout
its intended design life. Other factors to consider include the availability of the material, its manufac-
turability, maintenance requirements, and cost [12].

Table 2.3 summarises the properties of materials commonly used in landing gear structures. Landing
gear structures of large transport aircraft are typically made of steel, corrosion-resistant steel (CRES),
and titanium alloys [12]. Steel is most frequently used because it generally offers the best combination
of strength-to-weight ratio, strength-to-volume ratio, fatigue properties, and cost. 300M steel in partic-
ular is very suitable for components where buckling is the critical failure mode due to its high Young’s
Modulus. For components that require high corrosion resistance, corrosion resistant steel and titanium
may be a suitable alternative, albeit at a higher cost. Aluminium is not often used for landing gear
structures as its low strength requires large member cross-sections to resist the structural loads.

While composites may seem to offer superior properties, their application in landing gear structures
is not widespread, with only a few examples of certified structural landing gear components found in
practice [12]. To support the large and typically multi-directional loads that the landing gear is subjected
to, and to compensate for the strongly anisotropic material properties, composite components require a
large number of laminations. However, when subjected to high-impact point loads, for instance due to
foreign objects, composite structures are prone to delamination, causing failure. Because the landing
gear is typically placed in an high-impact environment, it is challenging to incorporate composite com-
ponents into landing gear [12]. Nevertheless, when a component is primarily loaded in one direction,
the anisotropic strength of the composite material can be effectively utilised. For instance, composites
have successfully integrated in the Boeing 787 main landing gear as side and drag brace, where the
loads are primarily unidirectional [12].

Table 2.3: Typical properties of various landing gear structural materials [12]

Material
Ultimate
strength
(MPa)

Yield
strength
(MPa)

Young’s
Modulus
(GPa)

Density
(g/cm3)

Specific
ultimate
strength

Specific
modulus

Steel 300M 1931 1586 200 7.83 247 25.5
CRES Ferrium S53 1931 1468 199 7.98 242 24.9
Al 7050-T74 483 407 70 2.82 171 24.8
Ti 10-2-3 1193 1103 110 4.65 256 23.7
Carbon (HM)/epoxy1,2 930 - 213 1.6 581 133
Carbon (HS)/epoxy1,2 1620 - 148 1.5 1080 98.7
E-glass/epoxy1,2 1310 - 41 1.9 689 21.6
Ti-MMC (6-5/35% SiC)1,3 1650 - 196 3.0 550 65

1 Properties shown for composites are for unidirectional reinforcement arrangement.
2 Polymer matrix composite.
3 Metal matrix composite.

2.4.3. Ground Interaction
The landing gear must be designed such that the aircraft has sufficient ground clearance for take-off
and landing, and impact loads do not cause excessively large loads on the primary aircraft structure.
Landing gear requirements related to landing and take-off ground clearance and shock absorption are
discussed in this section.

Ground Clearance
It must be ensured that apart from the landing gear, the aircraft remains clear of the ground for all pos-
sible combinations of yaw, pitch and roll in the intended operating envelope. With the shock absorber
extended, the aircraft needs to be able to attain its maximum pitch attitude required for take-off or land-
ing without tailstrike. Typically, this angle is between 12 and 17 degrees [12]. If necessary, additional
ground clearance can be achieved by extending the length of the gear, although this comes with an
increase in mass. Alternatively, the gear can be positioned further aft, but this comes at the expense of
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rotation ability. In cases where there is no structure available to attach the gear further aft, the ground
contact points may be offset from the main fitting attachment by implementing a strut rake angle. Typ-
ically, this rake angle is limited to 7◦. However, larger rake angles up to 10◦ have been successfully
employed, albeit in conjunction with large bearing overlap, large bearing friction and higher mass [12].

In addition to enabling the aircraft to achieve its maximum pitch attitude, the landing gear must permit
the aircraft to roll about its longitudinal axis without wing tips or engine nacelles touching the ground.
Typically, at least 8◦ roll must be permitted to allow for corrections during cross-wind landings, but often
more is desired to open up the operational envelope [12, 41].

Shock Absorption
The landing gear needs to be designed to ensure that peak reaction loads that arise during landing and
ground operations are efficiently transferred to the landing gear and aircraft structure. Shock absorbers
and tyres provide spring suspension and damping, alleviating peak loads directly applied to the main
structure. The required vertical shock absorber travel for appropriate landing impact energy absorption
can be calculated using the conservation of energy principle, as shown by Equation 2.8 [12].

Eabs = Ekin + Epot (2.8)

Here, Ekin is the vertical kinetic energy, and is given by Equation 2.9 with aircraft mass m and verti-
cal velocity V , which are defined by the descent conditions prescribed by certification specifications
CS25.473 and CS25.723, as outlined in Table 2.4 [17].

Ekin =
1

2
mV 2 (2.9)

Table 2.4: Descent conditions for large transport aircraft [17].

Condition Descent velocity Mass Reference
Limit descent velocity 3.05 m/s MLM CS 25.473
Limit descent velocity 1.83 m/s MTOM CS 25.473
Reserve energy test 3.70 m/s MTOM CS 25.723

Epot is the potential energy, given by Equation 2.10. For large transport aircraft, the lift fraction L in
Equation 2.10 may be assumed to be equal to 1, such that Epot = 0 [12, 17].

Epot = (1− L)mg(xaxle + xtyre) (2.10)

Lastly, Eabs is the energy absorbed, or work done by the shock absorber and tyre, given by Equation
2.11, with vertical reaction factor λ, aircraft mass m, acceleration due to gravity g, shock absorber and
tyre efficiency ηaxle and ηtyre, and vertical axle travel and tyre deflection xaxle and xtyre. The reaction
factor describes the ratio between the peak landing load and aircraft weight, and defines the maximum
load subjected to the aircraft structure. The maximum vertical load on a single gear strut is given by
Equation 2.12 [12], where mgear is the aircraft mass carried by the respective strut. For large transport
aircraft, the reaction factor is typically between 1.1 and 1.3 [12]. For sizing calculations, tyre and shock
absorber efficiency may be assumed 47% and 80% respectively [12].

Eabs = λmg(ηaxlexaxle + ηtyrextyre) (2.11)

Fgear,max = λgmgear (2.12)

Substituting Equations 2.9 and 2.11 into Equation 2.8 and isolating axle travel xaxle, Equation 2.13 is
obtained.
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xaxle =
1

ηaxle

(
V 2

2gλ
− ηtyrextyre

)
(2.13)

Tyre deflection xtyre can be estimated using Equation 2.14 [12], where rloaded and runloaded are the loaded
and unloaded tyre radii, Fgear,rated is the rated tyre load, andNtyres equals the number of tyres associated
with the strut.

xtyre = 0.9(runloaded − rloaded)
Fgear,max

Frated,tyreNtyres
(2.14)

Please note that vertical axle travel calculated using Equation 2.13 is rarely equal to the actual shock
absorber stroke, because the strut is rarely perpendicular to the runway when landing due to the aircraft
attitude and strut rake angle [12]. The largest actual shock absorber stroke can be calculated using
Equation 2.15, where α is the largest angle between the shock strut and landing surface likely to occur
within the landing envelope.

xSA =
xaxle
cosα

(2.15)

In order to ensure that there is sufficient axle travel available during ground operations, it is recom-
mended to limit the static compression of the shock absorber to 80%-85% of the total available stroke
[12]. For oleo-pneumatic shock absorbers, which are predominantly used in virtually all large transport
aircraft landing gear, this can be verified by evaluating the spring curve described by Equation 2.16.
Here P and V describe the gas pressures and volumes, and γ the heat capacity ratio. The value for γ
depends on the shock absorber type. For shock absorbers where gas and oil are separated, the value is
typically around 1.4 as a result of heat generated during the compression. For shock absorbers where
oil is sprayed in the gas chambers directly, the gas is cooled by the oil, resulting in a heat capacity ratio
around 1.

P0
P1

=

(
V1
V0

)γ
(2.16)

To calculate the static shock absorber stroke, the desired breakout load, static load and maximum load
on the landing gear are required, as well as the desired static pressure and the total shock absorber
stroke between the fully extended and fully compressed position. The breakout load is the minimum
load required to compress the shock absorber. The breakout load must be high enough to ensure that
the shock absorber fully extends after take-off, but be low enough to ensure that the aircraft can operate
smoothly. Typically, the breakout load is in the range of 7% to 17% of the static load on the gear at
maximum landing mass [12].

The required shock absorber piston area and diameter can be calculated using the static load on the
gear at maximum ramp mass and the maximum static shock absorber pressure, which is typically be-
tween 1500 and 2500 psi [12]. The total volume swept by the piston is calculated using the maximum
shock absorber stroke and piston surface area, as shown by Equation 2.17. Because the shock ab-
sorber is generally allowed to bottom out during a reserve energy test, the maximum stroke is instead
defined by the stroke required for the 3.05 m/s limit descent velocity condition. An additional 10%
margin may be added to accommodate low temperature operations and future aircraft growth [12].

V0 − V2 = xSA,maxApiston (2.17)

The maximum pressure P2 in the shock absorber is a result of the 1.7g bump load described by load
case CS 25.491 (Table 2.2 and Table A.1) at maximum ramp mass, as shown in Equation 2.18. Here,
β is the fraction of the aircraft mass supported by the respective gear strut.
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P2 =
1.7βgMRM
Apiston

(2.18)

The fully extended shock absorber volume V0 can be calculated by substituting Equations 2.17 and
2.18 in Equation 2.16. For γ = 1, this results in Equation 2.19.

V0 =
xSA,maxApistonP2

P2 − P0
(2.19)

The compressed gas volume in the static position is given Equation 2.20.

V1 = V0 − xSA,staticApiston (2.20)

By substituting Equation 2.20 into Equation 2.16, Equation 2.21 is obtained, which can be used to
calculate the static shock absorber stroke xSA,static.

xSA,static =
1

Apiston

(
V0 − V0

(
P0
P1

) 1
γ

)
(2.21)

2.4.4. Airport Compatibility
Airport compatibility is a key aspect of landing gear design, encompassing several key considerations.
The aircraft must have sufficient control authority to independently manoeuvre itself on the airport, and
must have sufficient means to safely come to a stop after landing or in case of a rejected take-off.
The aircraft landing gear track and wheelbase must not surpass intended airport runway and taxiway
limits, and ground reaction loads must be sufficiently distributed, such that the aircraft can operate from
the intended airport surface. Lastly, it is highly beneficial if the aircraft service points are not too high
above the ground, such that it can be serviced with ground support equipment already present at those
airports.

Gear Load Limits
To ensure the aircraft has sufficient directional control, the static load on the nose gear should be at
least 5% of the total aircraft weight [9, 12]. However, Airbus A330 and A350 airport planning manuals
suggest that 4% can also provide satisfactory performance [42, 43]. On the other side of the spectrum,
the static nose gear load should also not be too high. In absolute terms, high nose gear loads result
in larger structural mass, and in relative terms, a high nose gear load fraction implies a low main gear
load fraction, negatively affect braking performance. As such, the static nose gear load should not
exceed 20% of the total aircraft weight [20], with 15% often being used as a practical limit [12, 20, 41].
To minimise nose gear loads and associated structural mass, and maximise braking and performance,
the nose gear is typically positioned as far forward as the minimum load and stowage constraints allow
[12]. The nose gear load fraction βnlg can be calculated using Equation 2.22, with dimensions as defined
in Figure 2.14.

βnlg =
lx,mlg/CG

lx,nlg/CG + lx,mlg/CG
(2.22)

The maximum static load on each tyre is defined by the load rating of the respective tyre, which can
be found in tyre specification sheets, such as those provided by Schmidt [12]. Tyres can withstand a
load that is 1.5 times higher than the static load when dynamically loaded, e.g., during braking [12]. For
both static and dynamic loading, a 1.07 safety factor needs to be applied, as stipulated by CS25.733
[17].
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Braking
Landing gear brakes need to be designed such that they can bring the aircraft to a full stop after landing
or in case of a rejected take-off [12]. The consideration of thrust reversal is not permitted by regulations
[17]. As a conservative estimate, it may be assumed that all kinetic energy of the aircraft is absorbed by
the brakes, neglecting the effect of tyre rolling resistance, aerodynamic drag, and runway slope. The
energy that needs to be absorbed by the brakes can be calculated using Equation 2.23. The rejected
take-off case describes the largest energy to be absorbed, with V = V1, and m = MTOM.

Ekin =
1

2
mV 2 (2.23)

Braking causes a pitch down moment that needs to be resisted by the nose gear and its tyres. The max-
imum vertical reaction of the nose gear during constant deceleration can be calculated using Equation
2.24 [8]. Here, dimensions l are defined as specified in Figure 2.14,W is the respective aircraft weight
and g is the gravitational acceleration. The deceleration due to braking ax, needs to be at least 3.1
m/s2 at maximum landing weight, or 1.8 m/s2 at maximum take-off weight, as stipulated by CS25.735
[17].

Fnlg =
lx,mlg/CG + ax

g lz,mlg/CG

lx,nlg/CG + lx,mlg/CG
W (2.24)

Taxiway Design Groups
Airport taxiways are typically designed according to recommended practices outlined by aviation author-
ities. The Federal Aviation Administration specifies taxiway design groups (TDGs) in Advisory Circular
150/5300-13B, outlining taxiway and taxilane width, clearance and fillet design standards depending
on the aircraft outer main gear width (MGW) and the cockpit to main gear distance (CMG) [44]. When-
ever a taxiway is designed according to a TDG standard, this ensures that an aircraft belonging to that
TDG is able to operate from that taxiway. The other way around, if a landing gear is designed to be
within the limits set by the intended TDG, it ensures that the aircraft can operate from airports designed
according to that TDG standard. Taxiway design group dimensions are displayed in Figure 2.16.

Figure 2.16: Taxiway design groups (TDGs), as specified by FAA AC 150/5300-13B [44].

Minimum Turn Width
The International Civil Aviation Organization (ICAO) mandates that aircraft need to be able to make
a 180◦ turn on the runway [45]. Generally, runways need to have turn pads to facilitate the turn, as
runways are typically not wide enough. Turn pad widths are not specifically mandated, however ICAO
does recommend a clearance distance between any of the aircraft wheels and the turn pad edge.
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Prescribed clearance dimensions depend on the outer main gear width andwheelbase, and are outlined
in Table 2.5.

Table 2.5: Turn pad clearance distance as recommended by ICAO Annex 14 [45]

MGW
Up to but not
including 4.5 m

4.5 m up to but
not including 6 m

6 m up to but not
including 9 m

9 m up to but not
including 15 m

Clearance 1.50 m 2.25 m 3 m1or 4 m2 4 m
1 For aircraft with a wheelbase less than 18 m.
2 For aircraft with a wheelbase equal to or greater than 18m.

An aircraft is capable of making a 180◦ turn on a turn pad or runway, when its minimum turn width
lturn plus two times its respective clearance distance (both sides), is smaller than the width of a turn
pad or runway. The minimum turn width can be calculated using Equation 2.26, where ltc is the turn
centre location, which is the neutral point around which the aircraft rotates (Equation 2.25), lwheelbase
is the wheelbase length, and λsteering is the nose gear steering angle. Compliance with the 180◦ turn
requirement may be shown by comparing the minimum turn width of the design aircraft with that of
aircraft that already operate on intended airports. Minimum turn widths can typically be found in aircraft
airport planning manuals, such as [43]. Some examples are shown in Table 2.6. Interestingly, the
A380-800 has a turn width that is smaller than that of the A350, which can be attributed to the presence
of main gear steering.

ltc = lwheelbase tan(90◦ − λsteering) (2.25)

lturn =
1

2
(lS,mlg,single + lS,nlg,single) + lT,mlg + ltc +

√
(ltc)2 + (lwheelbase)2 (2.26)

2lT,mlg

lS,mlg,single

lturn

ltc

Rnlg

90 - λ

λ
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lS,nlg,single

lMGW

Figure 2.17: Turn centre definition

Turning Radii and Separation Distance
Airports are designed such that runways, taxilanes, taxiways and objects are sufficiently separated.
Margins are included to prevent collisions should pilots deviate from the centreline [45]. Usually, sep-
aration distances and clearance margins are prescribed based on the intended ICAO reference code
letter, which categorises aircraft based on their wing span. Reference code letters and critical minimum
separation distances as defined by ICAO Annex 14 [45] are outlined in Table 2.7.
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Table 2.6: Examples of minimum turn widths [18, 42, 43, 46].

Aircraft lturn (m)
A320-200 22.8
A330-200 45.6
A330-300 50.7
A350-900 51.1
A350-1000 59.2
A380-800 50.9

Table 2.7: Aerodrome reference code letters and critical minimum taxiway separation distances as recommended by ICAO
Annex 14 [45]

Code letter Wing span (m) Taxiway centre line to centre
line (m)

Aircraft stand taxilane centre
line to centre line (m)

A < 15 15.5 19.5
B 15 < 24 20 28.5
C 24 < 36 26 40.5
D 36 < 52 37 59.5
E 52 < 65 43.5 72.5
F 65 < 80 51 87.5

While using these separation distance values may ensure sufficient margin to prevent collisions when
moving straight ahead, this may no longer be true when turning. This is particularly the case for aircraft
with high-sweep angle wings, where the distance between the wing tip and the turn centre is significantly
larger compared to conventional aircraft, causing the wing tip to swing out considerably during turns.
In such instances, standard separation distances may not be sufficient to allow for safe operation of the
aircraft, even if the aircraft falls under the ICAO reference code letter for which the airport was designed.
Therefore, it becomes necessary to evaluate turning radii of critical aircraft components, such as the
wing tip, tail, and nose, in addition to the minimum turn width. By using the turning radii and turn centre
location, the maximum centreline deviation distance for each component can be determined. If this
maximum deviation distance violates the maximum permissible deviation distance, the landing gear
positions may need to be adjusted in order to have a different turn centre location. Alternatively, this
might impose operational limitations.

Flotation
Ground loads need to be sufficiently distributed such that the intended airport surface can reliably and
repetitively support the weight of the aircraft. This characteristic, commonly known as flotation, has a
major impact on the operational limitations of the aircraft [12]. Hence, flotation is an important metric
to consider in landing gear design. Parameters affecting flotation characteristics are the landing gear
load distribution, the number of tyres, the wheel spacing and the tyre contact patch area. The latter is
affected by the tyre specification and inflation pressure [8].

Due to the wide variety of pavement types and qualities, flotation analysis is not straightforward [12].
For initial landing gear design, wheel arrangements may be selected based on that of comparable
aircraft, ensuring similar flotation, mitigating the need for flotation analysis [9, 20]. However, this ap-
proach requires the existence of comparable aircraft and would not allow for evaluating different wheel
configurations, making it unsuitable for physics-based design explorations. Alternatively, flotation per-
formance may be confirmed using the ICAO ACR/PCR method [47]. The method allocates Aircraft
Classification Ratings (ACR) to aircraft and calculates required pavement thickness. The calculation
takes into account factors such as wheel arrangement, tyre pressure, tyre loads, and the type and
subgrade strength of the pavement surface. If the ACR is lower than the Pavement Classification
Rating (PCR) of the respective pavement, the aircraft can use the pavement without any restrictions
[12]. Although the ACR/PCR method does not specifically calculate aircraft flotation, it can be used
to compare pavement requirements for different aircraft and different gear arrangements [20]. Aircraft
Classification Ratings and minimum required pavement thickness for both rigid (concrete) and flexible
(asphalt) surfaces with different subgrade strengths can be calculated using the ICAO-ACR tool [47].
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The results for the A350-900 are shown in Table 2.8.

Table 2.8: A350-900 ACR numbers and required pavement thickness, obtained from the ICAO-ACR tool [47].

Flexible Rigid
Subgrade
category

Subgrade
modulus (MPa)

ACR
number

Thickness
(mm)

ACR
number

Thickness
(mm)

D 50.0 884 978 1031 506
C 80.0 742 793 918 458
B 120.0 692 665 825 418
A 200.0 680 546 729 372

Ground Service Accessibility
The landing gear should be designed in a way that, when the shock absorbers and tyres are in their
static position, the height of the cabin floor allows the aircraft to be serviced using existing ground
support equipment (GSE) [9]. Although in theory, GSE could bemodified to accommodate novel aircraft
requirements, it is generally beneficial to ensure compatibility with existing equipment. This avoids the
need for costly investments in new GSE fleets, thereby enhancing commercial viability of the aircraft.
Examples of door sill heights of various existing wide-body aircraft are outlined in Table 2.9.

Table 2.9: Aircraft door sill heights. Height ranges displayed in this table are based on maximum ramp weight, operational
empty weight, variation in centre of gravity location and difference due to static aircraft incidence angle (sill heights of doors

located at the front are generally lower than that of doors located at the rear).

Aircraft
Main deck
door sill
height (m)

Upper deck
door sill
height (m)

Cargo hold
door sill
height (m)

Airbus A330-200 [42] 4.4 - 5.7 N/A 2.6 - 3.7
Airbus A330-200F [42] 4.8 - 5.1 N/A 2.9 - 3.6
Airbus A350-900 [43] 5.0 - 5.5 N/A 3.1 - 3.5
Airbus A380-800 [46] 5.1 - 5.4 7.9 - 8.2 3.1 - 3.4

2.4.5. Retraction, Stowage and Extension
Most large transport aircraft have landing gear that retract within the wings or fuselage to decrease
aerodynamic drag during cruise flight. When designing such landing gear, it is important to verify that
selected gear locations allow the gear to be retracted without interfering with other aircraft components.
Regulations require that tyres always have sufficient clearance from surrounding structures and sys-
tems, taking into account the maximum tyre dimensions expected in service [17]. For radial ply tyres,
the minimum required radial clearance may be calculated using Equation 2.27, and the minimum re-
quired lateral clearance may be calculated using Equation 2.28 [12]. Here drim is the wheel rim ledge
diameter, dgrown is the maximum grown outside tyre diameter, wgrown is the maximum grown tyre width,
and wrim is the width between the wheel rim flanges, all measured in inches. V is the aircraft speed in
miles per hour.

srad,min = 0.029
√
dgrown − drim

√
wgrown − wrim

√
V

dgrown
+ 0.15 (2.27)

slat,min = 0.01wgrown (2.28)

In addition, regulations prescribe that locking means must be provided to make sure the gear remains in
the down position when extended, and remains in the up position when retracted. Moreover, there must
be alternative methods to extend the gear in case it cannot be extended using the primary extension
mechanism [17].
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2.5. Mass Estimation
It is crucial to have insight in landing gear mass early in the design process for good design decision
making and to be able to accurately estimate aircraft flight performance and payload capacity. In this
section, landing gear mass estimation methods are discussed.

2.5.1. General
Mass estimation methods are typically grouped into classes [48]. Class 1 methods offer the lowest
fidelity estimate, and relies solely on statistics and top-level aircraft requirements on an aircraft cat-
egory level. Class 2 methods provide a slightly better estimate, relying on semi-empirical equations
and statistics to estimate the mass of the main aircraft components. Typically, the baseline geometry,
aircraft level properties and load factors need to be available for a class 2 method. Class 3 methods
introduce physics-based estimations, based on extensive structural analysis and multibody simulations.
They provide the highest fidelity estimate, but are by far the most computationally and labour intensive,
typically making them unsuitable for the conceptual aircraft design phase.

2.5.2. Class 1 and Class 2 Methods
Historically, landing gear mass estimations are based on statistical Class 1 and Class 2methods. Toren-
beek [41], Roskam [49], Raymer [50] all present statistics based gear mass estimation equations, the
latter being used by Bourget [9] to estimate the mass of the landing gear of the Flying-V. Main gear
mass can be estimated using Equation 2.29 and nose gear mass can be estimated using Equation
2.30 [50]. Both equations are corrected from imperial to SI units.

mmlg = 0.045Kmpm
0.888
MLM N

0.25
l l0.4N0.321

mlg,wheelsN
−0.5
mlg,ssV

0.1
SR (2.29)

mnlg = 0.152Knpm
0.646
MLM N

0.2
l l0.5N0.45

nlg,wheels (2.30)

Where:

• Kmp: correction factor, equal to 1.126 for kneeling gear, otherwise it is equal to 1.0.
• Knp: correction factor, equal to 1.15 for kneeling gear, otherwise it is equal to 1.0.
• l: gear strut length (m)
• mMLM: maximum aircraft landing weight (kg)
• mmlg: main landing gear group mass (kg)
• mnlg: nose landing gear group mass (kg)
• Nl: ultimate landing load factor (limit loading factor, or reaction factor times 1.5)
• Nmlg,ss: number of main landing gear shock struts
• Nmlg,wheels: total number of main gear wheels (all struts combined)
• Nnlg,wheels: total number of nose gear wheels
• VSR: reference stall speed (m/s)

However, it is important to note that these methods, which are based on data from the 1960s and 1970s,
only provide accurate results for aircraft and landing gear from that era [12]. Furthermore it was found
that the data sets typically only contain a few aircraft with a maximum take-off mass exceeding 225
tonnes, making it difficult to establish proper trends for heavy aircraft [8].

2.5.3. Class 2.5 Methods
As an alternative means to estimate landing gear mass, methods have been proposed that bridge
the gap between computationally expensive Class 3 methods and low-fidelity Class 2 methods [8, 38].
These so-called Class 2.5 methods use physics-based structural analysis to obtain a structural mass
estimation. The mass of other components that contribute to the overall gear group mass is determined
using statistical and empirical relationships. This approach has been adopted in various landing gear
design studies [14, 29, 32, 34, 35].
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Structural Mass
The structural mass of structural components can be estimated by calculating the minimum required
material volume to support the loads to be expected during service. Typically, these loads are specified
by regulations. Structural analysis can be performed using analytical methods [8, 14, 32, 38], as well
as finite element methods (FEM) [29, 51]. In both cases, typically, the analysis is based on a simplified
representation of the landing gear structure. However, when dealing with more complex, possibly
statically indeterminate, structural arrangements, FEM is considered to be more suitable [12]. Most
computer-aided design (CAD) software come equipped with finite element analysis (FEA) packages.
This integration allows for a quick comparison between different gear designs, enhancing the efficiency
of the design process [12].

Group Mass
An overview of a typical landing gear group mass breakdown (Boeing 707) is given in Table 2.10. Here,
the shock strut mass describes the mass of the primary structure including the trunnion, shock strut
cylinder, shock strut piston and if applicable, the bogie beam. The total landing gear groupmassmay be
estimated using the structural mass estimate and the relative contributions of rolling stock and controls
outlined in the table [8, 20].

Table 2.10: Boeing 707 gear mass breakdown, modified from Currey [20].

Component Main gear Nose gear
Rolling stock 35% 2%

Wheels 8% 1%
Tyres 11% 1%
Brakes 16% -

Structure 46% 3%
Shock strut 27% 2%
Fittings 14% -
Braces 4% 1%
Misc. 1% -

Controls 11% 3%
Total 92% 8%

For a more representative estimate of rolling stock mass, empirical equations and tyre specification
sheets can be used. Equation 2.31 provides an estimate of brake assembly mass for carbon brakes,
where mbrakes is the brake assembly mass (in kg) for a single braked wheel, and Ekin the maximum
kinetic energy to be absorbed (in MJ) [12]. Similarly, Equation 2.32 estimates wheel mass mwheel (in
kg) based on the wheel rim diameter drim (in inches) [12]. Tyre specification sheets with tyre mass data
can be found in the book of Schmidt [12].

mbrakes = 0.8653Ekin + 12.722 (2.31)

mwheel = 0.0202d3rim − 0.3936d2rim + 3.1364drim − 5.707 (2.32)
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Methodology

The primary objective of this research is to compare various Flying-V landing gear concepts to identify
the best solution for the Flying-V, using a dynamic, physics-based approach to conceptual design and
mass estimation. This chapter outlines the landing gear design exploration methodology. It begins
with a description of the design exploration setup, followed by a discussion of the conceptual landing
gear design method. The chapter concludes with a detailed explanation of the landing gear analysis
method.

3.1. Landing Gear Design Exploration
During the conceptual aircraft design phase, in particular that of novel aircraft concepts such as the
Flying-V, landing gear design is a dynamic process, involving rapid changes in aircraft properties and
requirements [12, 28]. Moreover, the objective of any aircraft landing gear design is multi-dimensional.
While one might simply prioritise minimising landing gear mass, doing so at the expense of overall air-
craft mass or aerodynamic performance does not result in the best possible aircraft design. Specifically
for the Flying-V, it might be beneficial or even necessary to revisit design trade-offs that have been well
established for traditional aircraft in order to get a feasible and potentially better overall design.

Exploration Setup
In this research, a Flying-V landing gear design exploration is presented. A physics-based landing
gear design and analysis methodology is developed that allows for exploring various Flying-V landing
gear concept designs as well as family design commonality implications. This supports further design
trade-offs and contributes to the best possible compromise. As discussed in Chapter 2, physics-based
landing gear design routines have proved to be effective in performing rapid design iterations, ensuring
a better optimised design and reducing experience dependency, making them suitable for designing
landing gear for Flying-V aircraft [8, 9, 14, 29–33].

The design exploration starts with the development of a baseline gear design for all members of the
Flying-V family. The baseline gear is designed for maximum aircraft and gear design commonality,
sharing the same structural components across the family, which are sized based on the requirements
of the FV-1000, e.g., the largest and heaviest Flying-V family member. The baseline gear design serves
as the basis for a comparison with gear concept variations, which involve adjusting the baseline design
to explore the potential benefits or drawbacks of various gear design considerations. The following
design aspects are explored:

• Strut configuration: The benefit of utilising a drop link strut arrangement over a conventional sin-
gle folding strut arrangement is evaluated. Generally, drop link arrangements are more complex
and have a higher mass, but allow for more compact stowage [12].

• Bogie configuration: The benefit of utilising a 6-wheel bogie configuration instead of a 4-wheel
bogie configuration is evaluated. Generally, 6-wheel bogie configurations are longer but narrower,
which could be beneficial depending on the stowage concept.

• Bogie articulation: The benefit of utilising a bogie articulation mechanism is evaluated. Similar
to the strut shortening mechanism, an articulation mechanism is beneficial for stowage, but adds
complexity and mass to the gear.

25
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• Strut shortening: The benefit of utilising a strut shortening mechanism is evaluated. Shortening
mechanisms reduce stowage volume, but add mass and complexity.

• Stowage concept: Generally, landing gear are retracted in forward direction such that drag loads
do not prevent the gear from extending in case of extension mechanism failure. However, for the
Flying-V, retracting in backward direction could bemore beneficial in terms of structural integration
and stowage.

• Family design: The benefits of having landing gear specifically tailored for each Flying-V family
member are compared to the advantages of using a common gear design for all aircraft.

The design aspects are used to formulate a set of landing gear concepts, which are evaluated based
on primary Flying-V design concerns:

• Feasibility: The landing gear needs to be feasible in order to have a viable Flying-V aircraft. The
feasibility study includes an evaluation of the retraction path and kinematics, structural integration,
and complexity.

• Mass: Landing gear mass is estimated to be able to quantitatively compare different landing gear
concepts and allow for future aircraft performance evaluations and design trade-offs.

• Stowage performance: Stowage performance is assessed by evaluating the stowed gear vol-
ume, width, length and frontal surface area. Stowage volume needs to be minimised as it conflicts
with the available fuel tank volume. Stowed gear width, length and frontal surface area affect the
aerodynamic efficiency of the landing gear fairing.

• Design commonality: The design should maximise commonality with other members of the
aircraft family or similar aircraft types in order to limit design and certification cost and enhance
the commercial viability of the aircraft.

For each landing gear concept, the design process starts with the conceptual landing gear design, dur-
ing which a landing gear gear concept is developed into a 3D landing gear model. Each concept is
then systematically evaluated in the landing gear analysis module, following the key design concerns
outlined above. Different inputs for the conceptual landing gear design module lead to different land-
ing gear designs and subsequent analysis results, contributing to the design exploration study. An
overview of the process is visualised in Figure 3.1. To provide context for the subsequent methodology
description, a brief summary of each phase is outlined here. The methodologies are described in more
detail in their respective sections.

Aircraft properties
and requirements

2. Gear stick model 
generation

Start

4. Structural 
sizing

Load cases, material 
selection and design 

criteria

5. Quantitative 
analysis

6. Qualitative 
analysis

End

Conceptual landing gear design Landing gear analysis

1. Gear design 
initialisation

3. 3D model 
generation

Concept freeze

Figure 3.1: Concept design and analysis methodology flow chart, conducted for each landing gear concept.
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Conceptual Landing Gear Design
The conceptual landing gear design module is structured into four distinct submodules: gear design
initialisation, gear stickmodel generation, 3Dmodel generation, and structural sizing. In the gear design
initialisation submodule, the designer has to formulate the gear concept and define the programme
of requirements, which serve as inputs for the stick model generation submodule. The stick model
generation submodule utilises a multidisciplinary design optimisation (MDO) algorithm to generate a
stick model of the gear concept, optimised for maximum aircraft rotation ability and minimum length.
Optimising for minimum length instead of mass is a simplification, as it allows to remove structural
analysis from the optimisation algorithm. Given the strong correlation between gear mass and length
[8, 12, 29, 50], this approach is anticipated to produce results that are sufficiently accurate. Moreover,
it should be noted that the objective is not to have an optimised gear, but rather to obtain a feasible
gear that satisfies design constraints and requirements as specified in the initialisation module. After
the stick model is found to be feasible, the geometry is refined in the 3D model generation submodule
using computer-aided design (CAD) software. Based on the 3D model, an initial assessment of gear
kinematics, integration and structural feasibility can be made. The minimum required wall-thickness
of the primary structural components is determined in the structural sizing submodule, after which
feasibility can be checked once again. After each submodule, the designer needs to assess whether the
design is good enough to progress to the next submodule, or if it is necessary to reiterate with adjusted
gear design initialisation submodule inputs. Finally, if all concept landing gear design submodules are
completed, the concept design is frozen and ready to be analysed in more detail.

Landing Gear Analysis
After the conceptual landing gear design is completed, landing gear concepts are evaluated and com-
pared in the landing gear analysis module. The feasibility of the gear is assessed qualitatively. After
a concept is found to be feasible, also its mass, stowage performance and resulting cabin floor height
are determined, allowing for a comparison based on quantitative metrics.

3.2. Gear Design Initialisation
The development of a landing gear concept starts with the gear design initialisation submodule. It stip-
ulates and limits the design space and defines the constraints of the MDO algorithm in the geometry
generation submodule. Landing gear design involves many different variables when it comes to sizing,
positioning and integration, introducing design space complexity, which negatively affects computa-
tional efficiency and design algorithm robustness [32].

The methodology for conceptual landing gear design proposed in this research employs a mix of fixed
design parameters and free design variables. Free design variables are varied by the optimiser to
obtain the best design, and are bounded by limits set by the designer. Fixed design parameters, on
the other hand, can only be adjusted by the designer, and represent aircraft characteristics, design
constraints and requirements, as well as gear properties and dimensions that are excluded from opti-
misation. Adding gear properties and dimensions as fixed design design parameters reduces design
space complexity, thereby enhancing computational efficiency, optimiser robustness, and design fea-
sibility. In addition, it serves to incorporate gear properties and dimensions that cannot be optimised
by the optimiser, but do have have a significant impact on the gear design characteristics and perfor-
mance. For instance, a different joint location or different tyre selection may not affect landing gear
length, but inherently affect gear kinematics and flotation.

The process of formulating a specific landing gear concept involves adjusting fixed design parameters
and free design variable bounds as desired, resulting in a different gear stick model. This contributes
to the design exploration. The selection of design variables and the resulting concepts is not only
based on the design requirements outlined in Section 2.4. In order to have a feasible landing gear
for a commercial viable aircraft, the method also relies on engineering judgement and creativity. The
list below describes a list of design recommendations and considerations that serve to support the
designer:

• Compactness: The landing gear must be as compact as possible in the stowed position in order
to minimise aerodynamic drag.

• Complexity: Landing gear complexity must be limited as much as possible to reduce mass,
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maintenance cost and reliability [8, 12].
• Structural efficiency: The landing gear structure must be designed in a way that it has efficient
load transfer to the airframe, as well as within the structure itself. This limits structural mass and
maximises fatigue life [12].

• Interfaces: The number of interfaces with other aircraft systems and components must be min-
imised in order to limit design and maintenance costs [8].

• Risk: Any risk imposed by the landing gear must be minimised to reduce certification cost and
difficulty. The landing gear should be designed to ensure that drag loads do not prevent the gear
from extending in the event of primary extension mechanism failure [12, 32].

The gear design initialisation submodule process is divided into five distinct input categories, as de-
picted in Figure 3.2. These categories collectively produce a set of input files, which in turn serve as
the defining parameters for the stick model generation submodule. This section provides a description
of inputs that need to be specified by the designer in each input category.

Aircraft specification

Strut and bogie
concept selection

Bogie and tyre sizing

Shock absorber 
sizing

Special features

Stick model 
generation 

submodule inputs

Aircraft properties 
and requirements

Figure 3.2: Gear design initialisation process flowchart.

3.2.1. Aircraft Specification
The configuration of a landing gear largely depends on the specific aircraft it is designed for. Input data
related to aircraft geometry, mass properties and operational properties is discussed in this section.

Geometry
The stick model generation submodule requires aircraft geometry information to allow for landing gear
positioning and to facilitate the evaluation of stowage properties, ground clearance and turning radii. All
aircraft dimensions are measured in a standard aircraft design reference frame, with the x-axis positive
from nose to tail, and the z-axis pointing upwards, as illustrated in Figure 3.3. The origin of the reference
frame is aligned with the nose of the aircraft, unless specified otherwise.

z

y

θ

ψ x

O

ϕ

Figure 3.3: Aircraft design reference frame.

The landing gear is attached to the aircraft at a point within the designatedmain or nose gear attachment
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design space. The main gear attachment design space is parameterised by either a parallelogram sur-
face, defined by four design space coordinates, or a triangular surface, defined by three design space
coordinates, as illustrated in Figures 3.4a and 3.4b, respectively. Normalised gear positioning param-
eters xmlg,DS and ymlg,DS describe any point on this surface. Positioning parameter xmlg,DS represents
the longitudinal placement between coordinates A and B, while ymlg,DS describes the lateral position,
as shown in the figures. The nose gear design space is parameterised by a line coincident with the
aircraft centreline, with the attachment location defined by the normalised nose gear positioning param-
eter xnlg,DS, as illustrated in Figure 3.4c. The positioning parameters can be varied by the optimiser to
change the landing gear attachment locations relative to the design space. The main and nose gear
design spaces for the FV-1000 are marked in blue in Figure 3.5.

B = (1,0) D = (1,1)

C = (0,1)A = (0,0)

(x,y)
(x,0)

(a) Main landing gear, parallelogram-shaped.

(x,0)

C = (1,1)B = (1,0)

A = (0,0)

(x,y)

(b) Main landing gear, triangle-shaped.

A = (0)

B = (1)

(x)

(c) Nose landing gear.

Figure 3.4: Landing gear attachment design space parameterisation.

Top view

Attachment design space
CG range
CCPs
GMCPs

Front view

Side view

Figure 3.5: FV-1000 geometric aircraft representation for conceptual landing gear design

In addition to the attachment design space, also the stowage design space needs to be considered.
The main landing gear stowage design space is defined by the imaginary triangle spanned by the
aircraft centreline and the rear wing spar. This is illustrated by the shaded yellow area in Figure 3.6a
for the Flying-V, and in Figure 3.6b for conventional aircraft. The main landing gear must remain clear
of the rear spar by a distance srs,min. Similarly, the main landing gear must remain clear of the aircraft
centreline by a distance scl,min to avoid colliding with the landing gear mounted on the opposite wing
or keel beam, if applicable. The nose landing gear stowage design space is defined by an imaginary
rectangle located at a distance sfpb from the aircraft front pressure bulkhead, as illustrated by the shaded
yellow area in Figure 3.6c. The front pressure bulkhead is located at a distance lfpb from the nose of the
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aircraft and can be determined from scaled drawings in aircraft airport planning manuals [42, 43, 46].
Minimum clearance values srs,min, scl,min and sfpb,min can be obtained using Equation 2.27. Additional
clearance may be added based on engineering judgement.
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(a) Main gear stowage design space, Flying-V
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(b) Main gear stowage design space, regular
aircraft, modified from [43].

sfpb
lfpb front pressure 

bulkhead

(c) Nose gear stowage design space,
modified from [43].

Figure 3.6: Landing gear stowage design space specification.

The optimiser needs to be able to verify whether the selected gear configuration allows the aircraft to
remain clear of the ground during landing and take-off. Evaluating clearance for the entire outer mold
line is computationally expensive and deemed unnecessary. Instead, it is assumed that clearance can
be evaluated based on a set of discrete clearance critical points (CCPs), which are defined by the most
adverse locations on the wing tips, tail and engine nacelles. Ground clearance critical points for the
right wing of the FV-1000 are indicated by an orange x in Figure 3.5.

Similarly, for ground manoeuvring, evaluating turning radii is assumed to only be relevant for the wing
tip, horizontal stabiliser, nose, cockpit and nose gear, in line with turning radii typically provided by
aircraft airport planning manuals [42, 43, 46]. The stick model generation submodule evaluates turning
radii for ground manoeuvring critical points (GMCPs) provided by the designer. Ground manoeuvring
critical points for the left wing of the FV-1000 are indicated by a cyan x in Figure 3.5.

An overview of aircraft geometry related inputs is provided in Table 3.1.

Table 3.1: Aircraft geometry specifications.

Item Unit Description Type
MDSA m MLG attachment design space coordinate A (x, y, z) Fixed
MDSB m MLG attachment design space coordinate B (x, y, z) Fixed
MDSC m MLG attachment design space coordinate C (x, y, z) Fixed
MDSD m MLG attachment design space coordinate D (x, y, z) Fixed
xmlg,DS - Longitudinal main gear positioning parameter Free
ymlg,DS - Lateral main gear positioning parameter Free
NDSA m NLG attachment design space coordinate A (x, y, z) Fixed
NDSB m NLG attachment design space coordinate B (x, y, z) Fixed
xnlg,DS - Longitudinal nose gear positioning parameter Free
srs,min m Minimum rear spar clearance Fixed
scl,min m Minimum centreline clearance Fixed
sfpb,min m Minimum front pressure bulkhead clearance Fixed
lfpb m Front pressure bulkhead location Fixed
CCP1 m Clearance critical point 1 (x, y, z) Fixed
CCPn m Clearance critical point n (x, y, z) Fixed
GMCP1 m Ground manoeuvring critical point 1 (x, y, z) Fixed
GMCPn m Ground manoeuvring critical point n (x, y, z) Fixed

Mass Properties
Aircraft mass properties are required to be able to evaluate ground stability, ground loads and shock
absorber dimensions. The aft and forward centre of gravity (CG) limits need to be provided, both
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in absolute x, y and z dimensions measured from the aircraft nose, as well as relative to the mean
aerodynamic chord, such that gear locations and loading diagrams of various aircraft and gear concepts
can effectively be compared. In addition, the maximum ramp mass (MRM), maximum take-off mass
(MTOM), maximum landing mass (MLM) and operational empty mass (OEM) need to be specified. The
CG range for the FV-1000 is depicted by the red line in Figure 3.5.

Aircraft loading diagrams, such as Figure 2.11b for the FV-900, suggest that maximum mass data may
not always apply to the full centre of gravity range. For instance, the Flying-V can physically not reach
its maximum take-off mass at the forward centre of gravity limit, as maximum take-off mass can only be
achieved at high fuel loads. Due to the location of the fuel tanks, high fuel loads inherently cause the
centre of gravity to move aft. Consequently, for landing gear design, the nose gear tyres do not need to
be sized for the maximum take-off mass at the forward CG limit. Maximum expected mass ranges need
to be provided by the designer in order for the stick model generation submodule to account for this
phenomenon. The maximum ramp mass range MRMrange, maximum take-off mass range MTOMrange
and maximum landing mass range MLMrange define the forward and aft limit at which a specific mass
may occur, relative to the full centre of gravity range, where 0 equals the forward CG limit (0%), and
1 equals the aft CG limit (100%). Figure 3.7 illustrates an example of a loading diagram of an aircraft
that can only be at MRM or MTOM between 50% and 100% of the full CG range, but can be at MLM
over the full CG range. Transitions between specified ranges are assumed to be linear.

Figure 3.7: Aircraft loading diagram example.

An overview of aircraft mass related inputs is provided in Table 3.2.

Table 3.2: Aircraft mass specifications.

Item Unit Description Type
CGfwd m Forward CG limit (x, y, z) Fixed
CGfwd,%MAC %MAC Forward CG limit relative to the mean aerodynamic chord Fixed
CGaft m Aft CG limit (x, y, z) Fixed
CGaft,%MAC %MAC Aft CG limit relative to the mean aerodynamic chord Fixed
MRM kg Maximum ramp mass Fixed
MTOM kg Maximum take-off mass Fixed
MLM kg Maximum landing mass Fixed
OEM kg Operating empty mass Fixed
MRMrange - MRM range relative to CG range (fwd, aft) Fixed
MTOMrange - MTOM range relative to CG range (fwd, aft) Fixed
MLMrange - MLM range relative to CG range (fwd, aft) Fixed

Operational Properties
In addition to physical aircraft properties, the designer needs to specify operational requirements or con-
straints. Stability requirements as outlined in Section 2.4 prescribe a minimum tipback angle θtpb,min and
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maximum lateral turnover angle ψtno,max to prevent push-back tipover and lateral turnover. In addition,
the static aircraft pitch attitude θstat, the maximum aircraft pitch attitude with shock absorbers in static
and extended position θmax,extSA and θmax,statSA, and the maximum aircraft roll angle ϕmax need to be
provided to be able to evaluate static stability, rotated stability and ground clearance. Target minimum
and maximum nose gear weight fractions β̂nlg,min and β̂nlg,max need to be provided for shock absorber
sizing, with the optimiser ensuring consistency between the target nose gear weight fractions and the
actual nose gear weight fractions. The maximum main gear load fraction βmlg,max can be used to ac-
count for downforce generation when on the ground. The intended taxiway design group (TDG) and
maximum nose gear steering angle λsteering need to be specified to ensure compatibility with intended
airports. The take-off decision speed V1 is used for brake sizing. An overview of operational aircraft
requirements and constraints is provided in Table 3.3.

Table 3.3: Aircraft operational requirements.

Item Unit Description Type
θtpb,min

◦ Minimum tipback angle Fixed
ϕmax

◦ Maximum aircraft roll angle Fixed
ψtno,max

◦ Maximum lateral turnover angle Fixed
θstat

◦ Static aircraft pitch attitude Fixed
θmax,statSA

◦ Maximum aircraft pitch attitude with static shock absorber Fixed
θmax,extSA

◦ Maximum aircraft pitch attitude with extended shock absorber Fixed
β̂nlg,min - Minimum nose gear load fraction, guess value Free
β̂nlg,max - Maximum nose gear load fraction, guess value Free
βmlg,max - Maximum main gear load fraction Fixed
TDG - Taxiway design group Fixed
λsteering

◦ Maximum nose gear steering angle Fixed
V1 m/s Take-off decision speed Fixed

3.2.2. Strut and Bogie Concept Selection
The landing gear designer may select four different main gear strut concepts, as illustrated in Figure
3.8. Concept A describes a single folding strut with a total shock strut cylinder length lss and a shock
absorber piston length lpiston. Shock strut length lss is a free design variable. Concept B describes a
double folding strut which features a shock strut and an upper strut with a length lus. Such a concept
may be used to represent a gear with a drop-link arrangement. The upper strut length is a fixed design
parameter that needs to be adjusted by the designer to obtain a feasible design. Concept C and D
present a variation to Concept A and B respectively, where the shock absorber piston is connected to
the bogie using a ’hockey stick’ arrangement as described in Section 2.1.3. , requiring lower and upper
bounds, as well as an initial guess from the designer. Piston length lpiston is calculated by the stick
model generation submodule. The ’hockey stick’ connector dimensions lhs and θhs need to be provided
by the designer based on engineering judgement.

lss

lpiston

(a) Concept A: Single folding strut,
regular bogie attachment.

lus

lss
lpiston

(b) Concept B: Double folding strut,
regular bogie attachment.

lss

lhslpiston

θhs

(c) Concept C: Single folding strut,
’hockey-blade’ bogie attachment.

lhs
lss

lus

lpiston

θhs

(d) Concept D: Double folding strut,
’hockey-blade’ bogie attachment.

Figure 3.8: Strut concept variations supported by the stick model generation submodule.

Extended and retracted orientation angles need to be specified for the main gear and nose gear shock
strut, and if present, for the main gear upper strut as well. In the extended position, the shock strut
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and upper strut may be raked with respect to the vertical aircraft axis. In the retracted position, the
orientation angles must align the gear to fit the intended stowage space and satisfy stowage clearance
constraints. The orientation angles of the retracted upper strut have a major effect on the retraction
path of the gear. The following angles are defined:

• θus,ext, θss,ext and θnlg,ret: describe the extended main gear upper strut, main gear shock strut
and nose gear shock strut rake angle around the lateral aircraft axis, measured from the vertical
aircraft axis. Angle θ is illustrated in Figure 3.9a.

• ϕus,ext, ϕss,ext and ϕnlg,ext: describe the extended main gear upper strut, main gear shock strut and
nose gear shock strut rake angle around the longitudinal aircraft axis, measured from the vertical
aircraft axis. Angle ϕ is illustrated in Figure 3.9b.

• ψus,ext, ψss,ext and ψnlg,ext: describe the extended main gear upper strut, main gear shock strut
and nose gear shock strut orientation angle around the vertical aircraft axis, measured from the
longitudinal aircraft axis. Angle ψ is illustrated in Figure 3.9c.

• θus,ret, θss,ret and θnlg,ret: describe the retracted main gear upper strut, main gear shock strut and
nose gear shock strut orientation angle around the lateral aircraft axis, measured from the vertical
aircraft axis. Angle θ is illustrated in Figure 3.9a.

• ϕus,ret, ϕss,ret and ϕnlg,ret: describe the retracted main gear upper strut, main gear shock strut and
nose gear shock strut orientation angle around the longitudinal aircraft axis, measured from the
vertical aircraft axis. Angle ϕ is illustrated in Figure 3.9b.

• ψmlg,ret and ψnlg,ret: describe the retracted main gear upper strut, main gear shock strut (mlg) and
nose gear shock strut (nlg) orientation angle around the vertical aircraft axis, measured from the
longitudinal aircraft axis. Angle ψ is illustrated in Figure 3.9c.

y x
z

θ

(a) Strut orientation angle θ.

y x
z

ϕ

(b) Strut orientation angle ϕ.

y x
z

ϕ

(c) Strut orientation angle ψ.

Figure 3.9: Strut orientation angle definitions.

Any geometry represented by a vector r or matrix A (e.g., the landing gear struts) can be rotated by
elemental rotations ϕ, θ and ψ. Equation 3.1 describes the elemental rotation matrices that can be
multiplied to obtain the rotation matrix R, representing the aggregated rotation in Euclidean space. The
matrix multiplication order follows the standard aircraft yaw-pitch-roll convention, as shown by Equation
3.2.

Rz(ψ) =

cosψ − sinψ 0
sinψ cosψ 0
0 0 1

 ,Ry(θ) =

 cos θ 0 sin θ
0 1 0

− sin θ 0 cos θ

 ,Rx(ϕ) =

1 0 0
0 cosϕ − sinϕ
0 sinϕ cosϕ

 (3.1)

rrot = Rr = Rz(ψ)Ry(θ)Rx(ϕ)r (3.2)

The extended shock strut sideward rake angle ϕss,ext must be equal to zero to ensure that the main
gear wheel span remains constant during shock absorber extension or compression, preventing lateral
loading on the tyres and structure. Similarly, ψus,ext, ψss,ext and ψnlg,ext must be set to zero to have the
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wheels aligned with the aircraft moving direction. The extended nose gear angles θnlg,ret and ϕnlg,ext are
selected by the optimiser such that the nose gear strut is perpendicular to the ground surface in static
position. Retracted nose gear orientation angles ϕnlg,ret and ψnlg,ret are selected such that the nose
gear strut folds around the aircraft y-axis only. The angles θus,ret, θss,ret, θnlg,ret, ϕus,ret and ϕss,ret are
fixed design parameters, and may be adjusted by the designer. The remaining angles are free design
variables which are adjusted by the optimiser within their respective bounds to achieve the optimal gear
arrangement.

Similar to the strut concepts, two different bogie conceptsmay be selected by the designer. The different
concepts are illustrated in Figure 3.10. Concept A describes a regular arrangement where the strut
is connected at the centre of the bogie beam. Concept B describes an alternative, where the strut is
connected at an offset above the bogie beam, allowing the bogie to be ’flat-packed’. The offset distance
is given by the fixed design parameter loffset.

(a) Concept A: Regular strut
attachment.

loffset

(b) Concept B: Offset strut attachment.

Figure 3.10: Bogie concept variations supported by the stick model generation submodule.

In Figures 3.8, piston length lpiston is defined as the node to node distance between the shock strut
cylinder and the bogie joint, or in case of the ’hockey stick’ arrangement, as the distance between
the shock strut cylinder and the hockey stick kink. This piston length can not be equal to the shock
absorber stroke length xSA, as the piston length needs to account for fully compressed margins and
bogie connector element length. This ineffective piston length lineffective needs to be specified by the
designer, and is defined as illustrated in Figure 3.11.

lpiston
xSA

lineffective

bogie jointbogie beam

shock strut piston

shock strut cylinder

Figure 3.11: Ineffective piston length.

An overview of inputs related to the strut and bogie concept specification is provided in Table 3.4.

3.2.3. Bogie and Tyre Sizing
After selecting the strut and bogie concept, the designermust specify the dimensions of themain landing
gear bogie, the nose gear wheel span, and the tyre selections. Initially, the designer can refer to the
bogie and tyre sizes of similar existing aircraft, as discussed in Section 2.4.4. At a later stage, this may
be adjusted based on flotation and gear load analysis results. Figure 3.12 illustrates both a 4-wheel
and a 6-wheel bogie configuration, with bogie length (lbogie) and bogie width or wheel span (wbogie).
The total number of main gear wheels (all struts combined) is denoted by Nmlg,wheels, and the number
of main gear shock struts is denoted by Nmlg,ss. Similarly, for the nose gear, the wheel span wnlg and
the number of nose gear wheels Nnlg,wheels need to be specified. The main gear tyre size Tyremlg and
nose gear tyre size Tyrenlg can be selected from the tyre tables provided by Schmidt [12], which specify
loaded and unloaded tyre radii, tyre width, tyre mass and wheel dimensions. The designer may specify
a design deceleration rate ax,des, allowing dynamic gear loads under braking to be evaluated at the
actual design deceleration rate in addition to the minimum deceleration rates specified by regulations.
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Table 3.4: Strut and bogie concept specifications.

Item Unit Description Type
Strut - Main gear strut concept selection Fixed
lss m Main gear shock strut cylinder length Free
θss,ext

◦ Extended mlg shock strut rake angle around y-axis Free
θss,ret

◦ Retracted mlg shock strut orientation angle around y-axis Fixed
ϕss,ret

◦ Retracted mlg shock strut orientation angle around x-axis Fixed
ψmlg,ret

◦ Retracted mlg orientation angle around z-axis Free
lus m Main gear upper strut length Fixed
θus,ext

◦ Extended mlg upper strut rake angle around y-axis Free
ϕus,ext

◦ Extended mlg upper strut rake angle around x-axis Free
θus,ret

◦ Retracted mlg upper strut orientation angle around y-axis Fixed
ϕus,ret

◦ Retracted mlg upper strut orientation angle around x-axis Fixed
lhs m Hockey stick connector length Fixed
θhs

◦ Hockey stick connector length Fixed
Bogie - Bogie concept selection Fixed
loffset m Bogie joint offset distance Fixed
lineffective m Ineffective shock strut piston length Fixed
θnlg,ret

◦ Retracted nlg shock strut orientation angle around y-axis Fixed

wbogie

lbogie

(a) 4-wheel bogie

wbogie

lbogie

(b) 6-wheel bogie

Figure 3.12: Bogie dimensions specification.

An overview of inputs related to bogie and tyre sizing is provided in Table 3.5.

Table 3.5: Bogie and tyre sizing specifications.

Item Unit Description Type
Nmlg,wheels - Total number of main gear wheels, all struts combined Fixed
Nmlg,ss - Number of main gear shock struts Fixed
lbogie m Bogie length Fixed
wbogie m Bogie width or wheel span Fixed
Tyremlg - MLG tyre size Fixed
Nnlg,wheels - Total number of nose gear wheels Fixed
wnlg m Nose gear wheel span Fixed
Tyrenlg - NLG tyre size Fixed
ax,des m/s2 Design deceleration Fixed
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3.2.4. Shock Absorber Sizing
Designing shock absorbers involves balancing various performance factors, allowing designers signifi-
cant flexibility to adjust the design to specific aircraft requirements. This typically necessitates numer-
ous iterations to find the optimal trade-off [12]. In this research, shock absorber specifications must
be provided such that ground reaction loads, shock absorber strokes, and extended and static gear
lengths can be estimated.

Shock absorber (SA) strokes are calculated using the the SA reaction factors λmlg and λnlg (Equation
2.15). In order to be able to calculate the SA spring curves and resulting static and extended SA
positions, the desired shock absorber pressures in static position and breakout load fractions need
to be provided. The breakout load fraction b describes the load at which the shock absorber starts to
compress as fraction of the static load on the gear at maximum landing mass. Additionally, for structural
analysis, the designer needs to specify the shock absorber compression sFmax as fraction of the total
stroke xa at which the maximum vertical reaction load occurs.

An overview of inputs related to shock absorber sizing is provided in Table 3.6.

Table 3.6: Shock absorber sizing specifications.

Item Unit Description Type
λmlg - Main gear SA reaction factor Fixed
Pmlg,static MPa Main gear SA static pressure Fixed
bmlg - Main gear SA breakout load as % of static load at MLM Fixed
λnlg - Main gear SA reaction factor Fixed
Pnlg,static MPa Nose gear SA static pressure Fixed
bnlg - Nose gear SA breakout load as % of static load at MLM Fixed
sFmax - % SA compression at maximum vertical reaction Fixed

3.2.5. Special Features
The landing gear may have bogie articulation mechanisms and strut shortening mechanisms, reducing
the required stowage volume, as described in Section 2.1. Bogie articulation input specifications are
illustrated in Figure 3.13a. The figure shows the articulation angle θbogie, which is measured from the
longitudinal aircraft axis. Please note that the angle of the bogie with respect to the ground also depends
on the pitch attitude of the aircraft. The bogie articulation pivot is at a distance lx,pivot behind, and lz,pivot
above the forward wheel axle, which both need to be specified by the designer. It is assumed that when
the bogie is articulated, e.g., when the bogie rotates due to shock absorber extension or compression ,
the vertical location of the pivot remains constant. The pivot location and the angle between the bogie
and the ground geometrically define the articulation shock absorber stroke xa,articulation, which is the
amount of shock absorber compression required to have all wheels in the horizontal position.

Maximum vertical reaction loads on the landing gear result from the reaction factor λmlg (Equation 2.12).
When the bogie is articulated, only the aft wheels are in contact with the ground, limiting the maximum
landing gear reaction factor to not overload the tyres and bogie. On the contrary, the reaction factor
must be high enough to cause the aircraft to pitch down immediately after touch-down. This is needed
because after touch-down, the shock absorber starts to compress, de-articulating the bogie, effectively
reducing the available ground clearance. Therefore, an additional reaction factor λmlg,art needs to be
defined, which defines the maximum vertical load on the gear when the bogie is articulated, e.g., when
xSA < xSA,art. The articulated reaction factor λmlg,art needs to be lower than the fraction of the total main
gear wheels on the ground multiplied by the reaction factor with all wheels on ground, as shown by
Equation 3.3.

λmlg,art <
Nmlg,w,art

Nmlg,wheels
λmlg (3.3)

When the aircraft is at its lowest mass, the static compression of the shock absorber must be large
enough to have all wheels on the ground, e.g., the shock absorber must be larger than the articulation
stroke xSA,art. The designer needs to specify a dearticulation margin lmargin,art, which together with
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the articulation shock absorber stroke describes the minimum static shock absorber compression, as
shown by Equation 3.4. Adding a margin ensures that the bogie can move freely when all wheels are
on the ground and needs to be selected based on engineering judgement.

xSA,static > xSA,art + lmargin,art (3.4)

For strut shortening, only the shortening amount lshortening needs to be specified, as illustrated in Figure
3.13b.

θbogie

Ground

Aircraft

xSA,art

θac

lx,pivot

lz,pivot

(a) Bogie articulation mechanism.

lss

lpiston,ext

lpiston,fold

lshortening

(b) Strut shortening mechanism.

Figure 3.13: Special landing gear feature specifications.

Table 3.7: Special landing gear feature specifications.

Item Unit Description Type
Articulation - Boolean input to trigger articulated bogie Fixed
λmlg,art - Articulated main gear SA reaction factor Fixed
θbogie

◦ Bogie articulation angle Free
lx,pivot m Articulation pivot x-distance from forward wheel axle Fixed
lz,pivot m Articulation pivot z-distance from forward wheel axle Fixed
lmargin,art m Dearticulation margin Fixed
Shortening - Boolean input to trigger strut shortening Fixed
lshortening m Dearticulation margin Fixed

3.3. Gear Stick Model Generation
After the gear design initialisation, the conceptual landing gear design process continues with the gear
stick model generation submodule. This section presents a hybrid landing gear stick model optimisa-
tion approach, which utilises both a gradient-based optimisation algorithm and manual operations to
achieve a feasible design. Free design variables, as introduced in Section 3.2, are adjusted by the
gradient-based optimisation algorithm according to predefined design objectives and constraints. Man-
ual operations, on the other hand, allow for the adjustment of fixed design parameters, which may
involve both continuous and discrete design decisions. Some landing gear requirements, such as flota-
tion, cannot easily be evaluated by the optimisation algorithm directly. Therefore, manual evaluations
are necessary to ensure overall design feasibility.

3.3.1. Gradient-Based Optimisation
The extended design structure matrix (XDSM) shown in Figure 3.14 illustrates the optimisation archi-
tecture used to obtain suitable landing gear stick model size and positions. Specifically, the XSDM
presents an Individual Design Feasible (IDF) multidisciplinary design optimisation (MDO) architecture,
which can be distinguished from a Multi Discipline Feasible (MDF) architecture by the absence of a
multidisciplinary analysis coordinator, and the presence of consistency constraints. The design vector
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is varied by the optimiser, which is then used to generate landing gear stick models in the landing gear
positioning and sizing block. The stick models are evaluated following the objective and constraint spec-
ifications. Consistency between design variables and analysis outputs is coordinated by the optimiser.
It must be noted that because there is only one analysis block, implementation of an MDF architecture
instead of IDF would be very similar and equally suitable, only differing from IDF in the way it reaches
convergence.
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Figure 3.14: Gear stick model optimisation extended design structure matrix.

To solve the problem, MATLAB fmincon with a sequential quadratic programming (SQP) solving algo-
rithm is utilised. The SQP algorithm is well-suited for the gear stick model optimisation, as it provides
good speed and accuracy for problems with a relatively low number of design variables and smooth con-
straints [52]. In addition, it can recover from NaN and Inf results, and maintains feasibility by satisfying
bounds at all iterations.

3.3.2. Design Variables
The design variables, chosen as described in Section 3.2, define the size and position of the landing
gear, with the exception of β̂nlg,min and β̂nlg,max, which describe the minimum and maximum nose gear
load target values. An overview is provided in Table 3.8. To ensure that all design variables are on a
comparable scale, they are normalised using their respective lower and upper bounds.

3.3.3. Landing Gear Positioning and Sizing
Landing gear positioning and sizing describes the process in which fixed input parameters and design
variable are used to define a main and nose gear stick models.

Landing Gear Positioning
The process begins with positioning the landing gear. Main gear positioning parameters xmlg and ymlg,
and nose gear positioning parameter xnlg are used to determine gear attachment locations within their
respective attachment design space. For the main gear, the design space is represented by either a
triangle or a parallelogram, as detailed in Section 3.2.1. In case of the former, the attachment location
is defined by Equation 3.5. In case of the latter, the attachment location Omlg is defined by Equation
3.6. The design space coordinates are represented by MDSA, MDSB, MDSC and MDSD.
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Table 3.8: Overview of stick model generation design variables.

Variable Unit Description
xmlg - Longitudinal main gear positioning parameter
ymlg - Lateral main gear positioning parameter
xnlg - Longitudinal nose gear positioning parameter
lss m Main gear shock strut cylinder length
θss,ext

◦ Extended mlg shock strut rake angle around y-axis
ψmlg,ret

◦ Retracted mlg shock strut orientation angle around z-axis
lus m Main gear upper strut length
θus,ext

◦ Extended mlg upper strut rake angle around y-axis
ϕus,ext

◦ Extended mlg upper strut rake angle around x-axis
θbogie

◦ Bogie articulation angle
β̂nlg,min - Minimum nose gear load fraction target value
β̂nlg,max - Maximum nose gear load fraction target value

AB = MDSB −MDSA

Omlg = (MDSC − (ABxmlg +MDSA))ymlg + ABxmlg +MDSA
(3.5)

AB = MDSB −MDSA

AC = MDSC −MDSA

Omlg = ABxmlg + ACymlg +MDSA

(3.6)

For the nose gear, the design space is represented by a line. The attachment locationOnlg is determined
using Equation 3.7, where NDSA and NDSB describe the design space coordinates.

Onlg = (NDSB − NDSA)xnlg + NDSA (3.7)

Shock Absorber Stroke Evaluations
Once the landing gear attachment locations are established, the shock absorber is sized to determine
the static and fully extended strut length. These lengths depend on the shock absorber stroke and
sizing parameters.

For a conventional bogie configuration, the shock absorber starts to compress as soon as all wheels
touch the ground. The wheel axle stroke required to absorb vertical kinetic energy is then calculated
using Equation 2.13, based on the descent conditions outlined in Table 2.4. However, for an articulated
bogie, only two wheels touch the ground initially after touchdown. This limits the allowable shock
strut reaction load and thus energy absorption. Additionally, the vertical stroke is now defined by the
movement of the aft wheel axle, projecting a different stroke on the shock absorber depending on the
articulation pivot point location. Figures 3.15a and 3.15b illustrate the difference.

To account for this, an initial phase is defined where the stroke is determined by the geometric stroke re-
quired for de-articulation, i.e., the stroke required to have all wheels touch the ground. The second part
of the stroke is derived from the residual energy to be absorbed by the shock absorber, as described by
Equation 3.8. Here, Ekin represents the total vertical kinetic energy calculated using the descent con-
ditions in Table 2.4 (Equation 2.9), while Eabs,phase1 and Eabs,phase2 represent the energies absorbed
during the initial and second shock absorber compression phase, respectively (Equation 2.11). All
strokes are corrected such that there always is sufficient stroke available to absorb the energy, regard-
less of the shock strut orientation angle with respect to the ground (Equation 2.15, as discussed in
Section 2.4.3).

Eabs,phase2 = Ekin − Eabs,phase1 (3.8)
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θac

xaxle, xSA

(a) Conventional bogie, axle and shock strut stroke.
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θac
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Articulation 
pivot
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(b) Articulated bogie, axle and shock strut stroke.

Figure 3.15: Axle and shock strut strokes. Please note that the figures illustrate the case where the shock strut is perfectly
perpendicular to the ground surface, such that xSA = xaxle (α = 0◦ in Equation 2.15).

Although the reserve energy test condition typically demands the largest stroke, the shock absorber
does not need to be specifically sized for this condition, as it is generally permissible for the shock
absorber to bottom out during a reserve energy test [12]. Instead, the shock absorber is sized for the
3.05 m/s limit landing condition, with a 10% stroke margin to accommodate low-temperature operations.

Shock Absorber Sizing
The target minimum nose gear load fraction β̂nlg,min is used to calculate the maximum main gear load
at maximum ramp mass. This, along with the intended static shock absorber pressure, is then used to
determine the piston surface area (Equation 3.9) and corresponding piston diameter.

Apiston =
MRMg(1− β̂nlg,min)

2Pmlg,static
(3.9)

In shock absorber sizing, the piston diameter is typically selected to accommodate standard seals
[12]. Therefore, the calculated piston diameter is adjusted to the nearest standard seal dimension as
specified by AS4832 Aerospace Standards [53]. After this adjustment, the piston cross-section area
and static pressure are recalculated accordingly.

The maximum shock absorber load is defined by the 1.7g bump load at maximum ramp mass, as
discussed in Section 2.4.3. For the Flying-V specifically, also the 1.7g bump load with an additional
0.6g downforce at maximum take-off mass needs to be considered, representing a ground surface
bump during braking after a rejected take-off. The minimum shock absorber load is defined by the
shock absorber breakout load. With the minimum and maximum shock absorber loads known, the fully
extended (minimum) and fully compressed (maximum) shock absorber pressures can be calculated.
Shock absorber compression chamber volumes are calculated using Equation 2.16, which can then be
used to calculate the fully extended, static, and fully compressed shock absorber positions (Equation
2.20).

The nose gear shock absorber is sized in a similar way, with the target maximum nose gear load fraction
β̂nlg,max defining the maximum static load on the nose gear.

Main Gear Strut Sizing
Three primary gear configurations are defined: the static configuration, the fully extended configura-
tion, and the retracted configuration. The configurations describe the shock absorber positions and
orientation angles of the shock strut and, if applicable, the upper strut, as discussed in Section 3.2.2.

First, the strut lengths are determined. For the static configuration, the shock strut length is the sum
of the shock strut cylinder length lss and the corrected static shock absorber length. For both the
fully extended and retracted configurations, the shock strut length is the sum of the shock strut cylinder
length lss and the corrected fully extended shock absorber length. If the gear features a strut shortening
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mechanism, the strut shortening amount lshortening is subtracted from the retracted shock strut length. In
the case of a double folding strut type, an upper strut is added, which has a certain upper strut length
lus. Both the shock strut length lss and the upper strut length lus are part of the design vector as shown
in Table 3.8.

Main Gear Extended Strut Rotation
Once the strut lengths are defined, the struts are rotated about their origin using angles θext, ϕext and
ψext, as detailed in Section 3.2.2, applied in the order as defined by Equation 3.2. In this phase, all
three gear configurations are rotated according to the angles specified for the extended gear, resulting
in each configuration having the same orientation. The retracted configuration is rotated to have the
retracted gear configuration in a later step, after the rolling stock has been attached. For double folding
struts, each strut is rotated independently. Following the rotation, the coordinates of the shock strut are
translated such that its origin aligns with the bottom of the upper strut.

Main Gear Rolling Stock Positioning
After the length and orientation of the extended gear have been determined, the rolling stock is attached.
Bogie length, width and joint location, together with loaded and unloaded tyre radii are used to define a
certain rolling stock geometry. The bogie length describes the location of the front and aft wheel axles,
whereas the width and loaded tyre radius describe the ground contact point locations. The rolling stock
geometry is rotated around the bogie joint as required. The bogie joint only allows rotations around the
lateral aircraft axis.

In the static configuration, the rolling stock rotation must account for the aircraft static pitch attitude,
θac,static, as shown in Figure 3.16a. In the fully extended configuration, the rolling stock rotation must
consider either the aircraft pitch attitude θac, such that all wheels remain on the ground, or the bogie
articulation angle, θbogie, with only the aft wheels touching the ground. The latter is illustrated in Figure
3.16b. For the retracted configuration, the rolling stock needs to be rotated so that, once the gear is
fully folded, the bogie and tyres align with the aircraft’s longitudinal axis for efficient stowage. After
rotating the rolling stock, its geometry is translated to align the bogie joint with the bottom of the shock
strut.

Ground

Aircraft

runloaded

rloaded

θac,static

(a) Static configuration, rolling stock rotated to account
for static aircraft pitch attitude.

58

θac

Aircraft

Grou
nd

(b) Fully extended configuration, rolling stock rotated to
represent articulated bogie. Orientation is

representative for landing or take-off manoeuvre.

Figure 3.16: Rolling stock positioning.

Main Gear Folding
With the extended gear configurations established, the retracted gear configuration can be folded to
represent the retracted gear. Importantly, the shock strut and rolling stock are rotated as a single
structure, maintaining the orientation of the bogie relative to the shock strut as defined during the rolling
stock positioning. This ensures that the bogie rotation axle for the retracted configuration remains
aligned with that for the extended configuration as defined by the lateral aircraft axis. First, the shock



42 Chapter 3. Methodology

strut, now including the rolling stock, is rotated back to its neutral position using angles θss,ext, ϕss,ext
and ψss,ext. Then, it is rotated about its origin to obtain the retracted orientation, using angles θss,ret,
ϕss,ret and ψss,ret, applied in the order as defined by Equation 3.2.

For a double folding strut, the upper strut is rotated independently of the shock strut. Similar to the
shock strut, it is first rotated back to the neutral position and then to the correct retracted orientation,
but using angles θus,ret, ϕus,ret and ψus,ret. After the rotation, the coordinates of the shock strut are
translated to align its origin with the bottom of the upper strut.

Nose Gear Sizing and Rotation
The nose gear strut is sized such that the combined length of the strut and the static shock absorber,
e.g., the static configuration, results in the intended static aircraft pitch attitude. The nose gear strut is
raked with respect to the longitudinal aircraft axis to be perpendicular to the ground. The fully extended
nose gear configuration is then defined by the combined length of the strut and the fully extended shock
absorber. This fully extended configuration is rotated by an angle θnlg,ret to achieve the retracted nose
gear configuration.

3.3.4. Objective
As with many engineering problems, landing gear need to be designed with multiple objectives in mind.
Specifically, the gear must be positioned as far forward as possible for rotation performance, while its
length needs to be as short as possible to have the lowest mass. The main gear needs to be stowed
as close to the primary aircraft structure as possible for efficient integration and additionally, the nose
gear needs to be positioned as far forward as possible to minimise nose gear loads.

The multi-objective, or Pareto, landing gear stick model optimisation is performed by minimising the
objective function 3.10, employing an objective weighted sum approach [54]. This approach involves
combining multiple objectives fi into a single objective function fweighted sum using a set of weight factors
wi that represent the relative importance of each objective. An overview of weight factors is presented
in Table 3.9.

minimise: fweighted sum(x̄) =
m∑
i=1

wifi(x̄) = w1
lmlg,ext
lmlg,ext,0

+ w2
sto,stat
sto,stat,0

+ w3
sfpb
sfpb,0

+ w4
srs
srs,0

(3.10)

In the objective function, sto,stat represents the static tipover margin, which is defined as the distance
between the aft centre of gravity and the main gear pivot. Minimising the static tipover margin positions
the gear as far forward as stability allows, thereby maximising aircraft rotation ability, which is the
primary objective. The secondary objective is to minimise the extended gear length lmlg,ext, which is
the combined length of the upper strut (if applicable) and the shock strut with a fully extended shock
absorber. Landing gear length and mass are strongly correlated [8, 12, 29, 50]. It is assumed that
optimising for minimum length also results in minimum mass. This approach significantly simplifies the
optimisation algorithm by eliminating the need for integrated structural analysis.

Minimisation of the nose gear to front pressure bulkhead clearance distance sfpb is added as a tertiary
objective to ensure that the nose gear is positioned as far forward as possible. This should, however,
not affect the design of the main gear and is therefore given a low weight factor. For Flying-V aircraft,
minimisation of the main gear to rear spar clearance distance srs is added as a fourth objective. This
ensures that the stowed main gear is positioned as close to the rear spar as possible, resulting in
better structural and aerodynamic integration. Each objective is normalised using their respective initial
evaluation value, ensuring that all objectives have a similar scale.

Table 3.9: Optimisation objective function weight factors.

Weight factor w1 w2 w3 w4

Value 3 5 1 1
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3.3.5. Inequality Constraints
To ensure the feasibility of the landing gear stick model, it must satisfy a set of design constraints that ad-
dress aircraft stability, ground clearance, airfield compatibility, and airframe integration. All constraints
are normalised such that they have a similar scale.

Stability
Stability constraints ensure that the aircraft is longitudinally and laterally stable, as discussed in Section
2.4.1. Push-back tipover is prevented by ensuring that the tipback angle θtpb is larger than the minimum
tipback angle θtpb,min, resulting in the constraint formulated by Equation 3.11.

cpb tipover = 1−
θtpb

θtpb,min
≤ 0 (3.11)

The rotated tipover constraint is defined by Equation 3.12, where sto,rot represents the rotated tipover
margin. The rotated tipover margin is the horizontal distance between the aft centre of gravity and the
main landing gear pivot, measured with the aircraft and rolling stock oriented as corresponding to the
maximumpitch attitude condition. Themain landing gear pivot is defined by the joint connecting the strut
to the bogie for both conventional and articulated bogie configurations. Physically, bogie articulation
shifts the pivot point from the bogie joint to the aft wheel axle during articulation. However, taking the
bogie joint as pivot for stability constraint evaluations ensures that the gear is positioned slightly further
aft. While this marginally affects rotation ability, it also induces a pitch-down moment upon touchdown,
facilitating derotation. Immediate derotation is required to ensure adequate ground clearance when all
wheels contact the ground. Further optimisation of the landing gear position for optimal landing and
take-off performance can be explored in future research. The impact is not expected to be significant
enough to justify it being included in this research.

crot tipover = − sto,rot
|sto,rot,0|

≤ 0 (3.12)

Lateral stability is ensured by imposing a constraint on the lateral turnover angle ψtno. The lateral
turnover angle, which can be calculated using Equation 2.5, needs to smaller than the maximum lateral
turnover angle ψtno,max as stipulated by Equation 3.13.

clat turnover = 1− ψtno,max
ψtno

≤ 0 (3.13)

Ground Clearance
Ground clearance is evaluated for the static gear configuration, as well as for the fully extended gear
configuration. For the static configuration, the maximum pitch attitude is θmax,statSA, whereas for the fully
extended configuration, the maximum pitch attitude is θmax,extSA. For both configurations, the minimum
pitch attitude is θstat. The roll angles vary from 0◦ to ϕmax. For all possible combinations of pitch and
roll, the z-coordinate of any clearance critical point CCPi may not be lower than the z-coordinate of the
ground contact point, both measured in the inertial frame.

The vector rCCPi , which describes the location of the clearance-critical point CCPi relative to the ground
contact point, is rotated around the ground contact point with angles ϕ and θ, as described by Equation
3.14. In this equation, Ry(θ) and Rx(ϕ) are the elemental rotation matrices (Equation 3.1), and rrotCCPi
is the rotated vector rCCPi . For each clearance evaluation, the location of the ground contact point
is updated to reflect the orientation of the rolling stock corresponding to the aircraft orientation to be
evaluated. The aircraft is considered to roll around the outboard tyre centroid, and is considered to
pitch around the bogie pivot joint, or the aft wheel axle when the bogie is articulated.

rrotCCPi = Ry(θ)Rx(ϕ)rCCPi (3.14)

The ground clearance constraint is defined by Equation 3.14, where zCCPi is the z-component of the
vector rrotCCPi .
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cclearancei = − zCCPi
|zCCPi,0|

≤ 0 (3.15)

Airfield Compatibility
Airfield compatibility constraints ensure that the landing gear stick model complies with airfield compati-
bility requirements as outlined in Section 2.4.4. The minimum and maximum nose gear load constraints
are defined by Equations 3.16 and 3.17 respectively. Here βnlg,aftCG is the nose gear load fraction for
the aft centre of gravity condition, and βnlg,fwdCG is the nose gear load fraction for the forward centre of
gravity condition. Nose gear load fractions are calculated using Equation 2.22.

cβnlg,min = 1−
βnlg,aftCG
βnlg,min

≤ 0 (3.16)

cβnlg,max = 1−
βnlg,max
βnlg,fwdCG

≤ 0 (3.17)

The intended taxiway design group (TDG) imposes constraints on the outer main gear width (MGW)
and cockpit to main gear distance (CMG). TheMGW constraint is expressed by Equation 3.18, whereas
the CMG constraint is defined as shown by Equation 3.19.

cTDG,MGW = 1− MGWmax

MGW
≤ 0 (3.18)

cTDG,CMG = 1− CMGmax

CMG
≤ 0 (3.19)

In addition, the aircraft needs to be able to make a 180◦ turn on a runway or turn pad. The turn width
constraint as defined by Equation 3.20 ensures that the turn with lturn is smaller or equal to the turn
width of a reference aircraft lturn,ref. The turn width is calculated using Equation 2.26, examples of turn
widths are shown in Table 2.6.

cturn = 1−
lturn,ref
lturn

≤ 0 (3.20)

Airframe Integration
Stowage constraints ensure that the nose gear and main gear can be stowed without colliding into each
other or other aircraft components and structures. For all clearance distance evaluations, the maximum
grown tyre width and diameter are considered, accounting for inflation pressure stress and centrifugal
loads when spinning [12]. Equation 3.21 describes the nose gear stowage constraint ensuring that the
front pressure bulkhead clearance distance sfpb is larger than the minimum distance sfpb,min.

cnlg,fpb = 1−
sfpb

sfpb,min
≤ 0 (3.21)

The main gear tyres are kept clear of the aircraft centreline at a distance scl, which must be larger than
scl,min as described by Equation 3.22.

cmlg,cl = 1− scl
scl,min

≤ 0 (3.22)

For Flying-V aircraft, an additional constraint is added to prevent the main gear from colliding with the
rear spar in the retracted position. The constraint is formulated by Equation 3.23, where srs is the main
gear to rear spar clearance distance.

cmlg,rs = 1− srs
srs,min

≤ 0 (3.23)
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3.3.6. Consistency Constraints
The consistency constraints imposed by Equation 3.24 and 3.25 ensure that the target nose gear load
values β̂nlg,min and β̂nlg,max selected by the optimiser are consistent with the actual nose gear load values
βnlg,min and βnlg,max.

ccβnlg,min = 1−
β̂nlg,min
βnlg,min

= 0 (3.24)

ccβnlg,max = 1−
β̂nlg,max
βnlg,max

= 0 (3.25)

3.3.7. Manual Design Evaluations and Adjustments
Some design requirements are not included in the optimisation algorithm, as their complexity or limited
impact on the optimisation result does not justify the additional effort given the scope of this research.
Instead, after the optimiser has found a feasible optimum, additional manual design evaluations are
required to ensure the final design meets all requirements before progressing to structural sizing and
further gear design analysis. Specifically, tyre loads, flotation and turning radii are evaluated. If the
landing gear features an articulated bogie, also the de-articulation margin is assessed. If needed, the
design initialisation inputs need to be adjusted in order to get a satisfactory gear stick model.

Tyre Loads
While tyre loads can be evaluated using the optimisation algorithm, tyre load limits are defined by
a discrete tyre selection, which adds significant complexity to the otherwise gradient-based process.
Instead, the tyre selection is adjusted by the designer, simply requiring a single iteration to adjust to the
maximum loads calculated by the algorithm. Following the optimisation, a loading diagram is created,
allowing the designer to visually inspect the maximum mass an aircraft may have without overloading
the tyres. Both static and dynamic loading conditions are considered, with the centre of gravity ranging
from the forward to aft limit corresponding to each mass condition, as discussed in Section 3.2.1. If the
expected maximum mass exceeds the permissible maximum mass on either the nose or main gear,
adjustments to the tyre selection are necessary. Tyres can withstand 1.5 times the static load rating
under dynamic loading. A 1.07 safety factor is considered [12].

Flotation
In addition to gear loading, also flotation is evaluated. As discussed in Section 2.4.4, in initial landing
gear design, using the wheel arrangement of a comparable aircraft in the initial landing gear design
typically ensures adequate flotation performance. However, even for aircraft that seem very similar,
different gear locations can lead to different gear loads and, consequently, different Aircraft Classifi-
cation Ratings (ACR). Therefore, as an additional feasibility check, flotation performance is evaluated
and compared with a reference aircraft. To limit complexity, flotation analysis is not included within the
optimisation algorithm. Instead, it is evaluated using the ICAO-ACR tool.

Turning Radii
Although turning radius evaluations are crucial for ensuring airport compatibility, they are excluded from
the optimisation algorithm because the gear design has only a marginal impact on turning radii. The
turning radius of an aircraft component depends on its distance from the turn centre, as discussed in
Section 2.4.4. For locations far from the turn centre, such as the wing tip, changes in the turn centre
location result in minor relative changes to the turning radius. Consequently, specifically imposing
turning radius constraints may prevent the optimiser from finding a feasible solution.

Instead, wing tip, nose and tail plane turning radii are only determined after the optimisation is com-
pleted. If any of the turning radii is not satisfactory, this may either impose operational limitations,
require adjustments to aircraft geometry, or necessitate the implementation of a steering main gear.

De-Articulation Margin
For aircraft with landing gear that includes an articulation mechanism, it is crucial to verify that the
static shock absorber compression is sufficient to have all wheels touch the ground when the aircraft
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is at its minimum mass. After optimisation, the static compression is compared with the geometric
dearticulation stroke defined in Section 3.3.3. The static compression needs to be larger than the de-
articulation stroke with a margin to account for ground operations (e.g., bumps). The shock absorber
reaction factors for the initial de-articulation compression phase and second compression phase can
be modified to change the amount of energy absorbed in each phase. A decrease in energy absorption
in the initial phase necessitates a larger energy absorption in the second phase, thereby increasing the
length of the static stroke, and vice versa.

3.4. 3D Model Generation
Once the stick model is completed, the design is detailed in Computer Aided Design (CAD) software
such that kinematic feasibility can be verified, and structural sizing can be performed. In this section,
the 3D model generation submodule is discussed.

3.4.1. Folding Axes
The 3D model generation starts with an evaluation of folding axis orientations, which are required for
analysing the gear retraction path and load resolutions. For gear configurations with a single folding
axis, the orientation axis is described by a line representing the intersection of two planes that are
orthogonal to the retraction movement vectors rAA′ and rBB′ . The movement vectors are defined as
illustrated in Figure 3.17a. The folding axis orientation vector is obtained by taking the cross product
of both movement vectors, as outlined by Equation 3.26 [8, 12].

rfolding axis = rAA′ × rBB′ (3.26)

For gear configurations with a double folding axis, two additional movement vectors are defined, as
illustrated in Figure 3.17b. First, the orientation of the upper strut folding axis (folding axis 1) is deter-
mined by taking the cross product of the movement vectors rAA′ and rBB′ , as formulated by Equation
3.27. The movement vectors describe the movement of any wheel axle from the extended position to
an imaginary retracted position, which describes the orientation of that wheel axle as if not only the
upper strut, but also the lower strut and rolling stock are rotated with the upper strut folding angles
θus,ret, ϕus,ret and ψus,ret.

rfolding axis 1 = rAA′ × rBB′ (3.27)

Subsequently, the orientation of the lower strut folding axis (folding axis 2) is determined by taking the
cross product of the movement vectors rA′A′′ and rB′B′′ , as defined in Equation 3.28. The movement
vectors describe the movement of the wheel axle from the imaginary retracted orientation to the actual
retracted orientation.

rfolding axis 2 = rA′A′′ × rB′B′′ (3.28)

3.4.2. Design Refinement
During the landing gear design refinement, the stick model is developed into a three-dimensional gear
model in 3DEXPERIENCE CATIA [55]. At this point, only gear strut and bogie dimensions and folding
axes orientations are known. In order to be able to evaluate gear clearance, feasibility and mass, the
gear needs to be detailed such that it includes tyres and primary structural components. In the context
of this research, primary structural components are the shock strut cylinder, shock strut piston, trunnion
beam, bogie beam, wheel axles, a drag brace and a side brace. If the gear is of the double folding type,
also the upper strut and an additional support brace are considered. Similar to previous landing gear
mass estimation studies, torque links are excluded, as their influence on the overall mass estimate is
insufficient to justify the effort required [8, 32]. Articulation and shortening mechanisms are included
such that the mass benefits of using them can effectively be evaluated.

For each structural member, either the minimum or maximum dimensions are defined as a function of
the shock strut piston diameter or wheel rim diameter, similar to Chai and Mason [8]. This is required
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(a) Single folding strut folding axis [8].
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(b) Double folding strut folding axes.

Figure 3.17: Gear retraction movement vectors.

as otherwise, wall thickness optimisation will increase member diameters indefinitely for a larger area
moment of inertia, resulting in infeasible structures. As an initial sizing estimate, each structural com-
ponent is assumed to have a wall thickness of 15 mm.

Shock Strut
The shock strut cylinder and piston are modelled as tubes connecting the bogie beam to the trunnion
beam. The inner cylinder diameter must be equal to the outer piston diameter, which is defined by
shock absorber sizing. While the cylinder length can be directly derived from the stick model, this is not
true for the piston, as bearing overlap is required for smooth operation. The piston length is defined
as the fully extended stroke plus 2.75 times the piston diameter [8, 12]. The cylinder has a connector
that is either fixed to or pivotably connected to the trunnion beam (Figure 3.18a), depending on the
brace configuration. In addition, the cylinder features connectors connecting to one or multiple support
braces or an articulation mechanism if applicable. The piston is pivotably connected to the bogie beam,
as illustrated in Figure 3.18b, allowing the bogie to pivot around the lateral aircraft axis.

(a) Main gear trunnion design
refinement.

(b) Main gear bogie beam design
refinement.

(c) Main gear side brace design
refinement.

Figure 3.18: Landing gear design refinement.

Trunnion Beam
The trunnion beam serves as the connecting element between the shock strut cylinder and the aircraft
attachment structure or upper strut assembly, and is aligned with the shock strut folding axis. The
trunnion features multiple connection points, which allow for attaching the cylinder as well as one or
multiple support braces, as illustrated in Figure 3.18a. The trunnion length is chosen to achieve a
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reasonable compromise between trunnion mass, brace loads and aircraft integration. The trunnion is
modelled as a tube with an outer trunnion diameter assumed to be equal to the shock absorber piston
diameter [8]. When the landing gear is of the double folding type, the trunnion is modelled as a tube
with an outer diameter that is 80% of piston diameter to account for loads being distributed over a larger
number of components.

Bogie Beam
The bogie beam connects the shock absorber piston to the wheel axles, which are evenly distributed
along its length. It is modelled as a tube with an outer diameter that is 85% of the piston diameter
(estimated from Schmidt [12]). Depending on the configuration, the bogie beam may feature an offset
shock absorber piston joint and a connector for an articulation mechanism.

Wheel Axles
The wheel axles connect the rolling stock to the bogie beam, and are modelled as tubes with an outer
diameter that is 25% of the wheel rim diameter (estimated from Schmidt [12]).

Upper Strut Assembly
When the landing gear is of the double folding type, also the upper strut assembly is included in the
model. The design of the upper strut assembly is derived from the B-58 drop link arrangement, where
the upper strut is represented by two fixed length linkages, linking the shock strut trunnion to to the
drop link assembly trunnion as shown in Figure 3.19. The linkages flare out slightly from bottom to
top, providing stability. Additionally, two diagonal linkages are incorporated to provide extra support.
All upper strut linkages are modelled as tubes with the outer diameter equal to 40% of the shock strut
piston diameter (estimated from Schmidt [12]).

Figure 3.19: Upper strut assembly design.

Braces
Braces are added to support the gear in all intended loading directions. Many different brace arrange-
ments exist, each with varying levels of complexity as discussed in Chapter 2. The brace configurations
considered in this research are based on those found in existing landing gear to ensure proven feasi-
bility and reliability. Each brace is modelled as either a tube or a square I-beam (with equal width and
height) and can be of either the fixed or planar folding type to minimise complexity and mass [12]. The
maximum outer diameter, or section height, is initially limited to 50% of the shock strut piston diam-
eter (estimated from Schmidt [12]), but may be adjusted based on structural analysis, e.g., to satisfy
buckling or machinability constraints.

Brace positioning involves several key considerations, such as kinematic feasibility, structural integra-
tion, load transfer, andmass. Previous work has included brace positioning in an optimisation algorithm,
optimising for minimum mass [34]. In this research, braces are positioned based on engineering judge-
ment for simplicity. It is ensured that the brace does not collide with existing aircraft or landing gear
structure when retracted, and that there is airframe structure available to attach the brace. Moreover,
the brace is positioned such that it provides appropriate leverage to the strut, benefiting load distribution
and sizing. Tension loading is preferred over compression to avoid buckling, which is a common sizing
mode for braces [8, 12].
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The brace configuration supporting a single folding strut is based on the that of the Airbus A310-200
and Boeing 707-320. A fixed length brace prevents the shock strut from moving relative to the trunnion,
as illustrated by Figures 3.18a and 3.18b. Additionally, a folding brace is added perpendicular to the
folding axis as shown in Figure 3.18c, providing support to the gear when extended and locked, but
permitting retraction when unlocked and folded.

Brace configurations supporting a double folding strut are inspired by the design of the B-58 main land-
ing gear drop link arrangement, which is shown in Figure 2.7. The upper strut assembly is supported by
two planar folding braces, providing a rigid attachment platform for the shock strut trunnion. Two fixed
braces connect the shock strut to the trunnion. A third fixed length brace is added, directly connecting
the shock strut to the airframe, such that the gear only has a single degree of freedom. Consequently,
the gear can be retracted with a single actuator, limiting complexity.

Special Features
The design of the articulation mechanism is based on that of the Airbus A330/A340 family (Figure 2.5a).
The lengths of the linkages are adjusted to achieve the correct articulation orientation and to ensure the
right stowage orientation can be obtained when retracted. The shortening mechanism is modelled as
a single tube with a length corresponding to the required shortening amount. All linkages are modelled
as tubes, with the outer diameter assumed to be equal to 30% of the shock strut piston diameter, as
estimated from Schmidt [12] and Figures 2.5a and 2.6.

3.4.3. Feasibility Evaluation
Feasibility of the three-dimensional gear model is assessed by conducting a retraction path and swept
volume analysis in CATIA software to identify any structural interference. The landing gear must not
collide with itself or other aircraft structures throughout its range of motion. This is evaluated by sim-
ulating the retraction kinematics, utilising collision detection features in CATIA and performing visual
inspection.

3.5. Structural Sizing
After a feasible geometry has been generated, the minimum wall-thickness, volume and mass of pri-
mary structural components is determined in the structural sizing submodule. This section outlines the
structural sizing methodology, which includes generating a finite element model, calculating external
loads, performing finite element analysis to determine internal member loads, and conducting cross-
section sizing to determine the required wall thickness. The process is illustrated by the flowchart in
Figure 3.20.

Finite element model
Internal load 

analysis
Member sizing

External loads

Not converged

Converged

Figure 3.20: Structural sizing process flowchart.

In the context of this research, the structural sizing is conducted only for the main landing gear. As
discussed in Section 2.5, traditional landing gear mass estimations are unsuitable for unconventional
aircraft and unconventional gear designs. Insights from the conceptual design phase and previous
studies on the Flying-V landing gear [9, 11] indicate that the design and integration of themain gear differ
from those of conventional aircraft, necessitating a (quasi) physics-based mass estimation method.
Conversely, the design and integration of the nose gear is rather conventional, justifying the use of
traditional, statistics-based, mass estimation methods. As an additional justification, the contribution
of the nose landing gear to the total landing gear mass is typically around 10% [8, 12], implying that
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potential errors arising due to the simplification would only have a minor effect on total gear group mass
estimations.

3.5.1. Finite Element Model
Structural sizing is based on a (1D) stick model representation of the three-dimensional gear model.
This model is fundamentally different from the stick model which was created in the stick module gen-
eration submodule (Section 3.3), as it incorporates the design refinement described in Section 3.4.2.
The refined stick model includes a trunnion, braces, wheel axles, tyres, and if applicable, an upper strut
and articulation mechanism. The shortening mechanism is excluded from the finite element model, as
it can be sized directly using the vertical force on the shock absorber piston, with the assumption that
all lateral forces, bending moments and torque are transferred to the cylinder.

Brace and articulation mechanism attachments are modelled as shown in Figure 3.21, illustrating a
side view of a three-dimensional gear model with a beam model representation in orange. The beam
representing the brace is not directly connected to the strut, as this would overestimate the leverage
provided by the brace. Instead, an imaginary connector beam element AB is added, representing the
distance between the brace joint and strut centreline. The resulting load in the shock strut cylinder is a
result of the combined action of brace reaction loads Fx and Fz, and induced bending moment FzlAB.
The connector beam is infinitely stiff, and is not included in the mass estimation.

Regulations prescribe that some external loads need to be applied to the ground contact point, requiring
the tyres to be included in the refined stick model as well [17, 29]. Similar to the connector beams, tyres
are modelled by an infinitely stiff beam element that is not included in the mass estimation. The beam
element represents the loaded tyre radius, its length depending on the actual loading condition.

A
B

x

z

Figure 3.21: Brace attachment and tyre modelling.

All stick model elements except the tyres and connector elements are modelled as tubes, similar to
Chai and Mason [8]. Dimensions are dictated by the three-dimensional model. Nodes may either be of
the beam, hinge or universal type. A beam type node describes a joint that transfers all translations and
all rotations, e.g., a rigid connection. A hinge type transfers all translations and all rotations except the
rotation around the x-axis, defined according to its local coordinate system. Lastly, the universal type
transfers all translations, but no rotations. Similar to previous landing gear design and mass estimation
studies, all structural members are made of 300M high-strength steel [8, 32]. Material properties are
outlined in Table 2.3.

3.5.2. External Load Analysis
The stick model is subjected to the CS-25 landing and ground handling load cases outlined in Table
2.2. Table A.1 in Appendix A provides a detailed overview of conditions and loads corresponding to
each load case. Regulations prescribe that vertical loads and drag loads are applied to the wheel axles
while lateral loads need to be applied to the ground contact points, as illustrated in Figure 3.22 for the



3.5. Structural Sizing 51

right aft wheel.

Figure 3.22: External landing gear loads on right aft main gear wheel.

Asymmetric loading in multi-wheel gear units is not considered, except for asymmetric loading caused
by bogie articulation. Structural deflections of the aircraft and the dynamic behaviour of shock absorbers
and tyres are also not taken into account. Instead, load cases are evaluated using quasi-static approx-
imations, as discussed in Section 2.4.2. Tyre and shock absorber deflections are assumed constant,
depending on the vertical reaction load and the total available deflection.

Landing Loads
For landing load cases, the maximum vertical reaction load is proportional to the shock absorber reac-
tion factor λmlg as defined in Equation 2.12. Drag loads and side loads are expressed as fractions of
the maximum vertical reaction load. As a conservative estimate, all prescribed loads are assumed to
occur simultaneously.

Tyre deflections are estimated to be 90% of the value obtained through linear interpolation or extrap-
olation between the unloaded and loaded tyre radii, as detailed in Equation 3.29 [12]. The maximum
vertical reaction is estimated to occur at 25% of the corrected 3.05 m/s descent velocity design landing
shock absorber stroke [12].

xtyre = 0.9

(
rtyre,unloaded − rtyre,loaded

Fgear,rated

)
Fgear,max

rtyre = rtyre,unloaded − xtyre

(3.29)

Spin-up and spring-back loads are obtained using a simplified method from Schmidt [12], suitable for
initial sizing calculations. For spin-up, it is assumed that peak spin-up occurs when the vertical reaction
load is 80% of the maximum vertical reaction load. Taking a maximum tyre-to-ground friction coefficient
of 0.8, maximum spin-up loads are estimated to be 0.8× 0.8 = 0.64 times themaximum vertical reaction
load. The maximum spring-back load is equal to the spin-up load, but in opposite direction. Spin-up
and spring-back loads are only considered if they impose a more significant wheel load than the drag
load specified by the applicable CS-25 load case.

For conventional bogie configurations, loads are applied to all wheels simultaneously. However, for
articulated bogie configurations, the landing load case needs to be split in two phases. In the initial
phase, the bogie is articulated, such that only the aft wheels are subjected to landing loads (including
spin-up and spring-back). The maximum vertical reaction being proportional to the articulated gear re-
action factor λmlg,art. In the second phase, all wheels are subjected to landing loads, with the maximum
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vertical reaction again being proportional to the shock absorber reaction factor λmlg. At this stage, spin-
up and spring-back are no longer relevant for the aft wheels as they are already up to speed, making
CS-25 drag loads dominant for these wheels.

Ground Handling Loads
For ground handling loads, the maximum vertical reaction is proportional to a load factor prescribed
by CS-25 load cases. For aircraft that feature means to generate downforce to enhance braking per-
formance, this is added to the vertical reaction. Specifically, this is only done for the taxi, take-off and
landing roll, and braked roll load cases, as these load cases describe conditions where the aircraft has
sufficient airspeed to generate downforce. Side and drag loads are proportional to the vertical reaction.
As for the landing load cases, tyre deflections are calculated using Equation 3.29. The shock absorber
position is taken as the static position corresponding to the aircraft mass dictated by the load case
condition.

3.5.3. Internal Load Analysis
The maximum internal loads on individual structural members are calculated using finite element anal-
ysis software. Once the model is set up within the software, it allows for efficient evaluation and com-
parison of complex arrangements that may feature skewed folding axes or statically indeterminate
structures. For this research, 3DEXPERIENCE SIMULIA is utilised. As part of the same platform as
3DEXPERIENCE CATIA, it facilitates a smooth transition from design to analysis. Modifications made
in the CATIA model can be seamlessly updated in the SIMULIA analysis, saving time and reducing the
risk of errors.

The loads are calculated for each load case, determining the maximum shear loads Vx and Vy, axial
load Nz, bending moments Mx and My, and torque Tz for each structural member, as defined and
illustrated in Figure 3.23.

Vx
Mx

Vy

My

Tz Nz
y

z

x

Figure 3.23: Structural analysis load definitions.

Finite element analysis consider member deflections to determine loads in statically indeterminate struc-
tures, which inherently depend on member stiffness and, consequently, wall thickness. Iterations are
required to make sure that the wall thicknesses of the stick model members match those calculated
using the internal loads.

3.5.4. Member Sizing
Member cross-sections need to be sized such that members do not yield when the landing gear is
subjected to limit loads, and not fracture when the landing gear is subjected to ultimate loads. Moreover,
the safe-life design principle requires that cyclic stresses as a result of normal operating loads do not
cause the members to fail due to fatigue during their intended design life.

For each structural member, a critical (sizing) load case is identified, which is the load case that requires
the largest wall-thickness to satisfy the design criteria outlined in this section. The wall-thickness, node-
to-node member length and material density are then used to determine the minimum mass of each
member.
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Tube Stress
If the tube wall thickness is much smaller than the tube, typically t/r ≤ 0.1, the tube may be approx-
imated as a thin-walled tube, simplifying stress calculations. Although this may be the case for large
components such as the shock strut cylinder and piston, this criterion is not expected to hold for smaller
but major components, such as braces and wheel axles.

General tube stress equations have been derived by Heerens [32]. The maximum normal stress due to
combined axial loads and bending moments is calculated using Equation 3.30, where ro and ri are the
outer and inner tube radii, as illustrated in Figure 3.24. The maximum shear stress due to combined
torque and transverse shear is calculated using Equation 3.31, where b is the the effective local cross-
section width normal to the respective transverse shear force [39]. For a tube, b = 2t, accounting for
both sides of the tube wall.

σzz =
Nz

π(r2o − r2i )
±

4ro
√
M2
x +M2

y

π(r4o − r4i )
(3.30)

τzs =
2

π(r4o − r4i )

(
Tzro ±

4(r3o − r3i )
√
V 2
x + V 2

z

3b

)
(3.31)
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Figure 3.24: Tube definitions.

Substituting σzz and τzs into Equation 2.6, the equivalent von Mises stress σMises is obtained, which is
used for structural sizing.

Design Criteria
Similar to preceding landing gear structural sizing studies, members are sized for minimal mass while
subjected to limit loads prescribed by the specified load cases, with a 1.5 safety factor applied to the
resulting equivalent von Mises stress (Equation 3.32) [8, 29, 32]. Limit loads describe the maximum
load expected during service. Normal operating loads, e.g., the loads relevant to fatigue failure, are
lower than the limit loads, practically imposing an additional safety margin. Assuming a linear load-
stress relationship [40], and recalling that ultimate loads are limit loads with a 1.5 multiplication factor,
adding a 1.5 safety factor ensures that ultimate loads do not cause stress above the material yield
strength. The margin between the material yield and ultimate stress limits and the safety factor together
add a safety margin to account for nonlinearities, component stress concentrations and fatigue.

F.S. =
σy

σMises
= 1.5 (3.32)

For slender members loaded in compression, such as drag and side stays in certain loading conditions,
Euler’s critical buckling load is evaluated as well. The critical buckling load is calculated using 2.7,
using the second area moment I for a tube as defined by Equation 3.33. For members making up the
upper strut, it is assumed that the ends are rigidly connected (K = 0.5). All other buckling sensitive
members are assumed to have pin-ended supports (K = 1). Members are sized such that the critical
buckling load is higher than the axial compressive load in the member. A 1.5 safety factor is applied
here as well.
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I =
π

4
(r4o − r4i ) (3.33)

Machinablity constraints are accounted for by imposing a maximum machinability factor k ≤ 40, as
defined by Equation 3.34 where dm is the mean tube diameter and t is the wall thickness [8].

k =
dm
t

(3.34)

3.6. Landing Gear Analysis
Each landing gear concept is assessed using qualitative and quantitative analyses, such that different
concepts can effectively be compared. The landing gear analysis method is outlined in this section.

3.6.1. Quantitative Analysis
Quantitative analyses include the landing gear group mass estimation, stowage volume evaluation, and
an estimation of resulting cabin floor height.

Landing Gear Group Mass Estimation
In the context of this research, landing gear group mass is defined as the combined mass of the nose
gear and main gear assemblies, excluding the attachment structure. Nose gear mass is estimated
using a statistics-based method formulated by Equation 2.30, which is justified given the conventional
characteristics of the nose gear as discussed in Section 3.5. Conversely, the main gear mass is esti-
mated using a combination of physics-based structural sizing, empirical equations, and tabulated data.

Main gear mass consists of rolling stock mass, structural mass and controls mass. The combined mass
of brakes, wheels and tyres make up the main gear rolling stock mass. Mass of brake assemblies and
wheels is estimated using Equation 2.31 and 2.32 respectively, whereas tyre mass is obtained from
tyre tables provided by Schmidt [12]. Controls system mass is estimated to be 8% of the total main
gear mass [20]. Structural main gear mass includes a contribution of the primary gear structure and
a contribution of fittings and miscellaneous components, following the gear mass breakdown outlined
in Table 2.10. It is assumed that, similar to the table, fittings and miscellaneous components together
always have a 33% contribution to the total structural mass of a single main gear. The primary structure
mass is defined by the combined mass of all structural members of a single main gear, as evaluated
during structural sizing.

Generally, finite element based mass-estimations are based on simplified geometric shapes that do not
consider fillets, detailed manufacturing constraints, material overlap and surface finishings [8, 56]. In
this research, the FEM-based mass estimate excludes torque links, locking mechanisms, and internal
shock strut mechanisms and components. Only node-to-node member lengths are considered, leading
to a further underestimation of themass. In order to obtain an accurate primary structure mass estimate,
the FEM-based mass estimate is corrected using a correction factor fc, which is determined during the
mass estimation method calibration in Section 4.4. For landing gear, the FEM to actual (engineering)
mass correction factor typically ranges between 1.2 and 1.9 [8]. Equation 3.35 describes the resulting
structural mass of a single main gear.

mmlg structure =
fcmFEM

1− 0.33
=
mFEM,corrected

1− 0.33
(3.35)

Stowage Volume
In addition to landing gear group mass, also the stowage volume determined. The stowage volume
is evaluated by measuring the width, height, and length, occupied by the retracted landing gear. A
smaller volume indicates a more compact stowed gear, and vice versa.

Cabin Floor Height
Lastly, the resulting cabin floor height is evaluated, which naturally depends on the landing gear length.
The landing gear design cannot easily be adjusted to have a shorter length, as length is a direct result
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of the centre of gravity location and the required ground clearance. However, having insight in cabin
floor height allows for an assessment of compatibility with existing ground support equipment. This
may incentivise the implementation of special landing gear features such as articulation or kneeling
mechanisms to reduce the static cabin floor height, if necessary.

Landing gear length varies slightly depending on the aircraft mass and centre of gravity location. The
least favourable condition, e.g., the condition with the largest cabin floor height, is evaluated in this
research. For aircraft with a pitch down attitude in static, such as the Flying-V [9], the largest cabin
floor height is observed at the aft cabin doors, with the aircraft at operating empty mass and the centre
of gravity at the forward limit.

3.6.2. Qualitative Analysis
Many landing gear characteristics are not easily quantifiable, necessitating qualitative analyses to fully
understand the feasibility, performance, drawbacks and benefits of each concept. In this research,
landing gear complexity, integration, design commonality and level of understanding are assessed.

Complexity and Level of Understanding
Minimising landing gear complexity is crucial, as it significantly impacts reliability, production cost, main-
tenance cost, and mass [8, 12]. Complexity evaluations are based on engineering judgement, compar-
ing the gear arrangement with existing designs and considering the number of components, such as
joints, actuators, and structural members. In addition, the level of understanding of the landing gear
concept is assessed. This involves evaluating the similarity of the gear with existing landing gear sys-
tems, which can leverage existing knowledge, reduce development time, and ensure proven feasibility.
Conversely, if the design significantly deviates from existing systems, it may require more extensive
research and development efforts, making the feasibility more uncertain.

Integration
The integration of landing gear is evaluated by examining how well the stowage bay, attachment points,
and gear structures integrate with the aircraft. Key considerations include ensuring short load paths
and minimising interference with other components. These evaluations rely on engineering judgement.

Risk
CS25.729 requires provisions to ensure that the landing gear can extend when the primary extension
mechanism fails [17]. Risk assessments involve a high-level qualitative evaluation of emergency gear
extension, which is then compared to existing landing gear systems.

Design Commonality
When the landing gear is designed for a family of aircraft, maximising commonality is desirable to
enhance the commercial viability of the aircraft. In this research, design commonality is evaluated
from both the aircraft perspective as well as the gear perspective. For aircraft design commonality, it is
crucial to ensure that attachment and stowage positions relative to a common reference point or section
are consistent. This allows the same stowage bay fairing and attachment structure to be used across
different models within the aircraft family. For landing gear design commonality, it is important to ensure
that the same landing gear components can be used across various aircraft models. Standardising
components simplifies production and maintenance, and reduces costs.





4
Verification, Validation and

Calibration

Before the proposed gear design and analysis methods can be utilised to explore and compare various
Flying-V landing gear concepts, it is important to ensure that the methods yield feasible and reliable
results. This chapter describes the verification and validation of the conceptual landing gear design
method, as well as the verification and calibration of the gear mass estimation method.

4.1. General Setup
In this research, method verification involves assessing the correct implementation of themodel. During
the development phase of the stick model generation algorithm, continuous verification is carried out
to immediately address any modelling errors and become familiar with modelling artefacts. Once the
model is completed, the model is verified by comparing optimised and non-optimised results to evaluate
how the optimiser adjusts the gear to meet limitations set by constraints and design requirements. For
the mass estimation method, the structural analysis FEM-model is verified by comparing finite element
analysis results with manually calculated results for a simplified structure subjected to simplified loads.

Contrary to verification, validation requires a comparison with actual real-world data to evaluate how
results correspond to reality. Because this research explores landing gear concepts for the Flying-V,
which in itself is a conceptual aircraft, real-world data cannot be obtained. Consequently, Flying-V gear
concepts cannot specifically be validated. However, the methods can be validated for existing aircraft
where actual landing gear data is available. Validation of the computed stick model generation method
is conducted by comparing gear dimensions and positions with those specified on scaled drawings in
airport planning manuals for various existing aircraft. Similarly, the mass estimation method is validated
by comparing mass results with actual gear mass data. If results appear to be accurate but not precise,
the models can be calibrated to account for this error.

The following reference aircraft are used for verification, validation and calibration in this research:

• Airbus A350-900: Used for stick model generation method verification and validation. Specifi-
cally selected because its landing gear features a four-wheel bogie [43] and because it is one of
the main Flying-V reference aircraft [6].

• Airbus A350-1000: Used for stick model generation method verification and validation. Specifi-
cally selected because its landing gear features a six-wheel bogie [43] and because it is one of
the main Flying-V reference aircraft [22].

• Airbus A330-300: Used for stick model generation method verification and validation. Specifi-
cally selected because its landing gear features bogie articulation and strut shortening [12].

• Airbus A310-200: Used for mass estimation method calibration. Specifically selected because
it features a bogie landing gear with gear mass data available in [57].

• Boeing 707-320: Used for mass estimation method calibration. Specifically selected because it
features a bogie landing gear with gear mass data available in [8].

57
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4.2. Reference Aircraft Gear Design Initialisation
Before verification, validation or calibration can be performed, reference aircraft gear design input data
needs to be gathered, formalising the initialisation submodule as discussed in Section 3.2. In this
section, the gear design initialisation for aircraft used for gear stick model generation method validation
is discussed. The tables in this section present final design input parameters, which result in the gear
models presented in Section 4.3 and 4.4. Gear design initialisation data for aircraft used in gear mass
validation is included in Appendix C. This data is derived using methods similar to those discussed
here.

4.2.1. Reference Aircraft Specifications
For all reference aircraft used to verify, validate and calibrate the methods employed in this research,
aircraft specifications are extracted from their respective Aircraft Characteristics for Airport Planning
manuals [42, 43, 58, 59]. Dimensions are measured in a standard aircraft design reference frame, with
the x-axis positive from nose to tail, and the z-axis pointing upwards, as illustrated in Figure 3.3. The
reference frame origin is at the aircraft nose, with z = 0 at the fuselage centreline as illustrated in Figure
4.1.

z = 0
Hfuselage/2

Hfuselage/2

Figure 4.1: Design reference frame, x-axis coincident (y=0, z=0) with fuselage centreline, modified from [43].

Geometry
Geometry specifications for the A350-900, A350-1000 and A330-300 are outlined in Table 4.1.

Table 4.1: Reference aircraft geometry specifications, based on Airport Planning Manuals as discussed in the section text [42,
43].

Item Unit Format A350-900 A350-1000 A330-300
MDSA m (x, y, z) (30.1, 3.0, -2.1) (33.9, 3.0, -2.1) (30.0, 2.8, -2.0)
MDSB m (x, y, z) (33.3, 3.0, -2.1) (37.1, 3.0, -2.1) (-31.3, 2.8, 2.0)
MDSC m (x, y, z) (33.5, 10.2, -0.5) (37.3, 10.2, -0.5) (32.1, 8.7, -0.8)
xmlg,DS - xlb ≤ x0 ≤ xub 0.0 ≤ 0.5 ≤ 1.0 0.0 ≤ 0.5 ≤ 1.0 0.0 ≤ 0.5 ≤ 1.0
ymlg,DS - xlb ≤ x0 ≤ xub 0.0 ≤ 0.5 ≤ 1.0 0.0 ≤ 0.5 ≤ 1.0 0.0 ≤ 0.5 ≤ 1.0
NDSA m (x, y, z) (1.4, 0.0, -2.5) (1.4, 0.0, -2.5) (1.4, 0.0, -1.4)
NDSB m (x, y, z) (6.4, 0.0, -2.9) (6.4, 0.0, -2.9) (7.4, 0.0, -2.5)
xnlg,DS - xlb ≤ x0 ≤ xub 0.0 ≤ 0.5 ≤ 1.0 0.0 ≤ 0.5 ≤ 1.0 0.0 ≤ 0.5 ≤ 1.0
srs,min m - 0.02 0.02 0.02
scl,min m - 0.27 0.27 0.27
sfpb,min m - 0.02 0.02 0.02
lfpb m - 1.4 1.4 1.4
CCP1 m (x, y, z) (62.9, 0.0, 0.5) (69.8, 0.0, 0.5) (61.4, 0.0, 1.3)
CCP2 m (x, y, z) (49.8, 0.0, -2.6) (56,4, 0.0, -2.5) (50.6, 0.0, -1.9)
CCP3 m (x, y, z) (44.1, 30.2, 1.4) (47.9, 30.2, 1.4) (41.8, 28.8, 1.1)
CCP4 m (x, y, z) (24.8, 10.5, -4.9) (28.6, 10.5, -4.9) (23.4, 9.4, -4.5)
GMCP1 m (x, y, z) (46.7, -32.4, 3.8) (50.6, -32.4, 3.8) (42.2, -30.2, 2.8)
GMCP2 m (x, y, z) (0.0, 0.0, -1.4) (0.0, 0.0, -1.4) (0.0, 0.0, -0.2)
GMCP3 m (x, y, z) (66.8, -9.4, 2.0) (73.8, -9.4, 2.0) (63.7, -9.7, 2.4)

Scaled aircraft drawings from Airport Planning manuals [42, 43, 58, 59] are used to estimate suitable
main and nose landing gear attachment design space coordinates. For all aircraft, the main gear
is attached to a virtual triangle-shaped plane, constrained by the fuselage on the inboard side, and
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constrained by assumed rear wing spar and control surface locations on the front and rear side, re-
spectively. The design space has a varying height, parallel to the lower surface of the wing. The nose
gear design spaces are defined as straight lines coincident with the aircraft centreline, starting from the
front pressure bulkhead, extending five meters aft. Vertically, the line roughly follows the outer mold
line of the aircraft, such that nose gear strut length for a given static aircraft attitude can be estimated
appropriately. The main and nose gear attachment design spaces are defined as shown by the blue
lines in Figure 4.2 for the A350-900, Figure 4.3 for the A350-1000, and Figure 4.4 for the A330-300.
Normalised gear positioning parameters xmlg, ymlg and xnlg, have a lower bound equal to 0, an upper
bound equal to 1, and an initial guess value of 0.5.

Main gear stowage clearance distances srs,min and scl,min are derived using the main gear tyre dimen-
sions substituted into the radial tyre clearance equation (Equation 2.27). Similarly, nose gear stowage
clearance distance sfpb,min is derived using the nose gear tyre dimensions substituted in the same equa-
tion. A 0.25 mmargin is added to the main gear stowage centreline clearance distance scl,min to account
for the keel beam, allowing for a total keel beam width of 0.50 m. The tyre selection for each reference
aircraft is specified in Table 4.5. Tyre dimensions of the tyres used are extracted from tyre tables [12].
The front pressure bulkhead locations lfpb, clearance critical points CCP, and ground manoeuvring crit-
ical points GMCP, are estimated from scaled drawings and dimensions stipulated by airport planning
manuals. Here, CCP1 and CCP2 represent extremes of the aft fuselage section, CCP3 represents the
wing tip (lower surface extreme), and CCP4 represents the engine nacelle, each indicated by an or-
ange x in Figures 4.2, 4.3 and 4.4. GMCP1, GMCP2 and GMCP3 represent extremes on the wing tip
(winglet), nose and horizontal stabiliser, each indicated by a cyan x in Figures 4.2, 4.3 and 4.4.

Mass Properties
Mass properties of the A350-900, A350-1000 and A330-300 are outlined in Table 4.2.

Table 4.2: Reference aircraft mass specifications, based on Airport Planning Manuals as discussed in section text [42, 43].

Item Unit Format A350-900 A350-1000 A330-300
CGfwd m (x, y, z) (30.3, 0.0, -0.8) (33.9, 0.0, -0.8) (29.1, 0.0, -0.7)
CGfwd,%MAC % MAC - 20 20 15
CGaft m (x, y, z) (32.1, 0.0, -0.8) (35.8, 0.0, -0.8) (31.0, 0.0, -0.7)
CGaft,%MAC % MAC - 40 40 40
MRM kg - 2.76×105 3.17×105 2.43×105

MTOM kg - 2.75×105 3.16×105 2.42×105

MLM kg - 2.07×105 2.36×105 1.87×105

OEM kg - 1.39×105 1.58×105 1.25×105

MRMrange - (xfwd, xaft) (0.0, 1.0) (0.0, 1.0) (0.0, 1.0)
MTOMrange - (xfwd, xaft) (0.0, 1.0) (0.0, 1.0) (0.0, 1.0)
MLMrange - (xfwd, xaft) (0.0, 1.0) (0.0, 1.0) (0.0, 1.0)

The longitudinal location of the forward and aft centre of gravity limit are derived from the gear locations
and forward and aft centre of gravity gear weight distributions as specified in [42, 43, 58, 59]. Although
this approach may initially appear to involve circular reasoning, with the centre of gravity later being
used to position the landing gear, it is justified in this research context. Using the gear locations to de-
termine the CG limits does not necessarily result in the optimiser placing the gear in the same locations.
The optimiser must satisfy several constraints, and multiple gear locations can yield the same weight
distribution. Furthermore, the objective of the validation study is to generate a gear stick model for a
given CG location, not to estimate the CG locations specifically. A different CG limit naturally leads
to a different gear length and location. The centre of gravity limits of the A350-900, A350-1000 and
A330-300 are indicated by the red lines in Figures 4.2, 4.3 and 4.4. The forward and aft centre of grav-
ity limits are also expressed relative to the aircraft nose, as well as relative to the mean aerodynamic
chord (MAC) using the method outlined in Appendix B.1.1.

The vertical weight distributions of the reference aircraft are assumed to be similar to the weight distri-
bution estimated for the A300-B2, resulting in a similar centre of gravity height. The A300-B2 centre
of gravity height is expressed relative to the fuselage centreline, and normalised using the fuselage



60 Chapter 4. Verification, Validation and Calibration

Top view Front view

Side view00 0 100 200 300

Attachment design space
CG range
CCPs
GMCPs

Figure 4.2: A350-900 gear attachment design spaces, critical points, and centre of gravity range. Image modified from [43].
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Figure 4.3: A350-1000 gear attachment design spaces, critical points, and centre of gravity range. Image modified from [43].
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Figure 4.4: A330-300 gear attachment design spaces, critical points, and centre of gravity range. Image modified from [42].
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height Hfuselage, resulting in zCG = 0.13Hfuselage. The derivation can be found in Appendix B.1.2. The
lateral location of the centre of gravity is assumed to be at y = 0.

Themaximum rampmass (MRM), maximum take-off mass (MTOM) andmaximum landingmass (MLM)
are obtained from [42, 43, 58, 59]. Operational empty mass (OEM) highly depends on the specific con-
figuration used by the operator, and is therefore generally not always provided in Aircraft Characteristics
for Airport Planning manuals. Estimated OEM values could only be obtained for the A310-200 and the
Boeing 707-320 [58, 59]. It is found that for these aircraft, the operational empty mass is typically
between 65% and 69% of the maximum landing mass. It is assumed that the A350-900, A350-1000
and A330-300 have an operational empty mass that is 67% of their maximum landing mass. For all
reference aircraft, it is assumed that the aircraft can be at MRM, MTOM and MLM throughout the full
centre of gravity range, similar to the Airbus A310 [58].

Operational Properties
Operational properties of the Airbus A350-900, A350-1000 and A330-300 are outlined in Table 4.3.

Table 4.3: Reference aircraft operational requirements, based on landing gear background study (Section 2.4) and Airport
Planning Manuals, as discussed in section text [42, 43].

Item Unit Format A350-900 A350-1000 A330-300
θtpb,min

◦ - 15.0 15.0 15.0
ψtno,max

◦ - 63.0 63.0 63.0
ϕmax

◦ - 8.0 8.0 8.0
θstatic

◦ - -0.2 -0.2 -0.9
θmax,statSA

◦ - 10.0 9.5 10.1
θmax,extSA

◦ - 11.8 11.3 14.2
β̂nlg,min - xlb ≤ x0 ≤ xub 0.04 ≤ 0.10 ≤ 0.15 0.04 ≤ 0.10 ≤ 0.15 0.04 ≤ 0.10 ≤ 0.15
β̂nlg,max - xlb ≤ x0 ≤ xub 0.04 ≤ 0.10 ≤ 0.15 0.04 ≤ 0.10 ≤ 0.15 0.04 ≤ 0.10 ≤ 0.15
βmlg,max - - N.A. N.A. N.A.
TDG - - 5 6 5
λsteering

◦ - 72.0 75.0 72.0
V1 m/s - 90.0 90.0 90.0

The minimum tipback angle θtpb,min and maximum turnover angle ψtno,max are selected as required for
stability (Section 2.4.1).

Regardless of the aircraft pitch attitude, the landing gear must permit the aircraft to roll with an angle
ϕmax of at least 8◦, as discussed in Section 2.4.3. The static pitch attitudes θstatic are derived from Airport
Planning manuals [42, 43, 58, 59]. Both the maximum aircraft pitch attitude with a fully compressed
shock absorber θmax,statSA and the maximum aircraft pitch attitude with a fully extended shock absorber
θmax,extSA could only be obtained from [60] for the A340-300. Because the A340-300 gear and fuselage
are similar to that of the A330-300 [12], it is assumed that the A330-300 has similar maximum pitch
attitudes. For the other reference aircraft, θmax,statSA is estimated using scaled drawings provided in
the Airport Planning manuals, as illustrated in Appendix B.1.3. The maximum pitch attitudes with fully
extended shock absorbers on the other hand cannot be derived from the manuals. Instead, it is as-
sumed that the A350-900, A350-1000, A310-200 and Boeing 707-320 have a similar ∆θmax compared
to reference aircraft that have maximum pitch attitudes specified in [60]. ∆θmax defines the difference
between both maximum pitch attitudes, as specified in Equation 4.1. Naturally,∆θmax is rather large for
the A330-300 as it employs bogie articulation for additional tail clearance [12]. Maximum pitch attitudes
are, however, also provided for the A320 (which does not employ bogie articulation), which has ∆θmax
equal to 1.8◦ [60]. The A350-900, A350-1000, A310-200 and Boeing 707-320 are assumed to have a
θmax,extSA that is 1.8◦ larger than θmax,statSA.

∆θmax = θmax,extSA − θmax,statSA (4.1)

The target minimum and maximum nose gear weight fractions β̂nlg,min and β̂nlg,max are selected as
discussed in Section 2.4.3. The maximum steering angle λsteering, main gear width (MGW) and cockpit
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to main gear distance (CMG) are obtained from [42, 43, 58, 59]. The MGW and CMG are then used to
derive the taxiway design group (TDG) from Figure 2.16. The take-off decision speed V1 is assumed
to be equal to that of the A350-1000 for all reference aircraft, and is obtained from de Zoeten [22].

4.2.2. Reference Aircraft Strut and Bogie Concept Selection
Reference aircraft strut and bogie concept specifications are outlined in Table 4.4.

Table 4.4: Reference aircraft strut and bogie concept specifications.

Item Unit Format A350-900 A350-1000 A330-300
Strut - - Concept A Concept A Concept A
lss m xlb ≤ x0 ≤ xub 1.0 ≤ 2.0 ≤ 6.0 1.0 ≤ 2.0 ≤ 6.0 1.0 ≤ 2.0 ≤ 6.0
θss,ext

◦ xlb ≤ x0 ≤ xub -9.0 ≤ -5.0 ≤ 0.0 -9.0 ≤ -5.0 ≤ 0.0 -9.0 ≤ -5.0 ≤ 0.0
θss,ret

◦ - 0.0 0.0 0.0
ϕss,ret

◦ - -80.0 -80.0 -80.0
ψmlg,ret

◦ xlb ≤ x0 ≤ xub 0.0 ≤ 0.0 ≤ 0.0 0.0 ≤ 0.0 ≤ 0.0 0.0 ≤ 0.0 ≤ 0.0
lus m - N.A. N.A. N.A.
θus,ext

◦ xlb ≤ x0 ≤ xub N.A. N.A. N.A.
ϕus,ext

◦ xlb ≤ x0 ≤ xub N.A. N.A. N.A.
θus,ret

◦ - N.A. N.A. N.A.
ϕus,ret

◦ - N.A. N.A. N.A.
lhs m - N.A. N.A. N.A.
θhs

◦ - N.A. N.A. N.A.
Bogie - - Concept A Concept A Concept A
loffset m - N.A. N.A. N.A.
lineffective m - 0.45 0.45 0.45
θnlg,ret

◦ - 105 105 110

All reference aircraft have a single folding strut (strut concept A) and a regular bogie attachment (bogie
concept A). Consequently, all inputs related to the double folding strut, or the offset bogie attachment
are not required. The main gear shock strut length lss must be between 1 and 6 metres long and
may be raked at an angle not smaller than −9◦ and not larger than 0◦. The main gear is designed to
only retract inward with an angle ϕss,ret that is suitable for stowage within the aircraft belly fairing. The
ineffective piston length lineffective is estimated from A330-300 bogie attachment drawings, accounting
for the bogie connector, torque link connector and piston end stop. The nose gear strut folding angle
θnlg,ret is selected such that the nose gear folds into the aircraft fuselage entirely.

4.2.3. Reference Aircraft Bogie and Tyre Sizing
Reference aircraft bogie and tyre sizing specifications are outlined in Table 4.5.

Table 4.5: Reference aircraft bogie and tyre sizing specifications.

Item Unit Format A350-900 A350-1000 A330-300
Nmlg,w - - 8 12 8
Nmlg,ss - - 2 2 2
lbogie m - 2.04 2.80 1.98
wbogie m - 1.74 1.47 1.40
Tyremlg - - 1400x530R23 (42 ply) 50x20R22 (34 ply) 1400x530R23 (36 ply)
Nnlg,w - - 2 2 2
wnlg m - 0.75 0.75 0.71
Tyrenlg - - 1050x395R16 (28 ply) 1050x395R16 (28 ply) 1050x395R16 (28 ply)
ax,des m/s2 - 3.5 3.5 3.5

Bogie and tyre sizing specifications are extracted from Aircraft Characteristics for Airport Planning man-
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uals [42, 43, 58, 59]. Specifically, the Airbus A350-900 and A330-300 are equipped with a 4-wheel bo-
gie, while the A350-1000 features a 6-wheel bogie configuration. The design deceleration ax,des could
be derived from [22] for the A350-1000. This deceleration factor is assumed to be similar for the other
reference aircraft considered in this study.

4.2.4. Reference Aircraft Shock Absorber Sizing
Reference aircraft shock absorber sizing specifications are outlined in Table 4.6.

Table 4.6: Reference aircraft shock absorber sizing specifications.

Item Unit Format A350-900 A350-1000 A330-300
λmlg - - 1.10 1.10 1.10
Pmlg,static MPa - 13.8 13.8 13.8
bmlg - - 0.10 0.10 0.10
λnlg - - 1.30 1.30 1.30
Pnlg,static MPa - 13.8 13.8 13.8
bnlg - - 0.10 0.10 0.10
sFmax - - 0.30 0.30 0.30

Shock absorber sizing specifications are determined based on the criteria outlined in Section 2.4.3. For
all reference aircraft, a main gear reaction factor (λmlg) of 1.1 is chosen to minimise loads on the gear
and aircraft structure. For the nose gear, a reaction factor of 1.3 is selected to minimise the stroke
length, thus reducing the extended gear length. A shorter extended gear length reduces the required
nose gear stowage volume, allowing the gear to be positioned further forward, thereby decreasing gear
loads. All shock absorbers are sized for a static pressure of 2000 psi (13.8 MPa), and a breakout load
fraction of 0.10. The vertical load on the landing gear is estimated to be largest at 30% (0.30) of the
total vertical axle travel [12].

4.2.5. Reference Aircraft Special Features
Reference aircraft special landing gear feature specifications are outlined in Table 4.7.

Table 4.7: Reference aircraft special landing gear feature specifications.

Item Unit Format A350-900 A350-1000 A330-300
Articulation - Boolean False False True
λmlg,art - - N.A. N.A. 0.38
θbogie

◦ xlb ≤ x0 ≤ xub N.A. N.A. 0.00 ≤ 0.00 ≤ 25.0
lx,pivot m - N.A. N.A. 0.22
lz,pivot m - N.A. N.A. 0.26
lmargin,art m - N.A. N.A. 0.10
Shortening - Boolean False False True
lshortening m - N.A. N.A. 0.50

Of the reference aircraft considered in this study, only the A330-300 has special landing gear features.
It features bogie articulation for additional tail clearance during take-off and landing [12]. The articulated
bogie shock absorber reaction factor λmlg,art is selected such that all wheels are on the ground in the
static position at operational empty mass. A 0.1 m ’de-articulation’ margin is added to account for
ground operations and aircraft mass below the operational empty mass (e.g., manufacturers empty
mass). The maximum bogie articulation angle θbogie measured from the longitudinal aircraft axis is
found to be 25◦, which is selected as the design variable upper bound [12]. The articulated bogie
pivots around a point located 0.2 m behind and 0.2 m above the front wheel axle, as estimated from
Schmidt [12].

In addition to the bogie articulation mechanism, the A330-300 is equipped with a strut shortening mech-
anism. This mechanism not only reduces the required stowage space but also returns the bogie to its
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neutral position after articulation by retracting the shock absorber, which further aids in stowage. Ac-
cording to Schmidt [12], the shortening amount lshortening is nearly as large as the full shock absorber
travel. The A330-300 shock absorber travel is calculated to be 0.61 m (Equations 2.13 and 2.15) for
the 3.05 m/s limit landing case. Following that, the strut shortening amount is estimated to be 0.50 m.

4.3. Stick Model Generation Verification and Validation
In this section, the stick model generation method verification and validation are discussed. First, the
method is verified by comparing optimised and non-optimised gear stick models for the A350-900. After
that, gear stick models for the A350-900, A350-1000 and A330-300 are validated using scaled drawings
and dimensions from Aircraft Characteristics for Airport Planning manuals. Stick models generated
for the A310-200 and Boeing 707-320, which are later used for gear mass validation, are shown in
Appendix C.2.

4.3.1. Model Verification
A comparison of non-optimised and optimised reference aircraft gear stick models for the A350-900 is
conducted to verify whether the model is capable of adjusting the design vector to obtain a feasible gear
stick model. In addition, design vector bound and constraint violations are checked for all reference
aircraft considered in this research.

Figure 4.5 illustrates the A350-900 gear stick model generated using initial design vector inputs x0,
as provided by Table 4.8. Figures 4.6 and 4.7 display the A350-900 most critical ground clearance
attitudes with shock absorbers in static position. It can directly be concluded from the figures that
before optimisation, the gear is too short to provide sufficient ground clearance. Even when the aircraft
is in its static position, there is not sufficient ground clearance for the engine nacelles. When the pitch
attitude is increased, tail clearance is insufficient as well. Constraint violations are outlined in Table 4.9.
It becomes clear that in addition to insufficient ground clearance, the main gear is positioned too far
forward to provide a stable platform when braking after push-back. Moreover, the nose gear load is
too low for sufficient steering authority, and the wheel track is too wide for the intended taxiway design
group.

After optimisation, the gear locations and lengths have been adjusted to not violate the constraints, op-
timised according to the optimisation objective which can be found in Section 3.3. Figure 4.8 illustrates
the optimised Airbus A350-900 gear stick model resulting from the A350-900 design vector provided by
Table 4.8. Figures 4.9 and 4.10 illustrate the A350-900 at attitudes most critical for ground clearance.
Constraint violations are shown in Table 4.9.

Compared to the gear stick model before optimisation, the longitudinal position of the main gear has
been adjusted to meet stability constraints. The gear length is increased, such that the aircraft has
sufficient ground clearance for all possible combinations of pitch and roll. Only the ground clearance
with static shock absorbers remains critical, as can be seen for the engine nacelle in maximum roll
condition illustrated in Figure 4.9, and the tail in maximum pitch condition illustrated in Figure 4.10.
Furthermore, the main gear is positioned further inboard. Interestingly, however, the taxiway design
group constraint, which stipulates the maximum main gear width, is not active. This could be explained
by the shape of the main landing gear attachment design space. Because the design space follows the
wing dihedral angle, positioning the gear further inboard allows for a shorter gear strut while maintaining
similar tail clearance. Lastly, also the location of the nose gear is adjusted such that it satisfies load
and stowage constraints.

The optimiser has found a feasible solution for all reference aircraft considered in this research. Re-
sulting design vectors for the Airbus A350-900, A350-1000 and A330-300 are outlined in Table 4.8,
constraint activity is shown in Table 4.9. Similar tables for the A310-200 and Boeing 707-320 can be
found in Appendix C.2.

4.3.2. Model Validation
Gear stick models are validated using dimensions and scaled drawings from Aircraft Characteristics
for Airport Planning manuals [42, 43, 58, 59]. Validation results for the Airbus A350-900, A350-900
and A330-300 are presented in this Section. Results for the Airbus A310-200 and Boeing 707-320 are
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Top view Front view

Side view

Figure 4.5: Airbus A350-900 gear stick model results before optimisation (x = x0).
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Figure 4.6: Airbus A350-900 front view, critical ground clearance attitude (θ = −0.2◦, ϕ = 8.0◦), static shock absorber position,
before optimisation.
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Figure 4.7: Airbus A350-900 side view, critical ground clearance attitude (θ = 10.0◦, ϕ = 0.0◦), static shock absorber position,
before optimisation.
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Top view Front view

Side view

Figure 4.8: A350-900 gear stick model results after optimisation.
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Figure 4.9: A350-900 front view, critical ground clearance attitude (θ = −0.2◦, ϕ = 8.0◦), static shock absorber position, after
optimisation.
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Figure 4.10: A350-900 side view, critical ground clearance attitude (θ = 10.0◦, ϕ = 0.0◦), static shock absorber position, after
optimisation.



4.3. Stick Model Generation Verification and Validation 67

Table 4.8: Design vector before and after optimisation.

Variable Unit xlb x0 xub A350-900 A350-1000 A330-300
xmlg - 0.00 0.50 1.00 0.92 0.90 1.00
ymlg - 0.00 0.50 1.00 0.28 0.30 0.35
xnlg - 0.00 0.50 1.00 0.65 0.78 0.54
lss m 1.50 2.00 8.00 3.31 3.55 3.04
θss,ext

◦ -9.00 -5.00 0.00 -0.96 -1.32 -9.00
ψmlg,ret

◦ 0.00 0.00 0.00 0.00 0.00 0.00
θus,ext

◦ 0.00 0.00 0.00 N.A. N.A. N.A.
ϕus,ext

◦ 0.00 0.00 0.00 N.A. N.A. N.A.
θbogie

◦ 0.00 0.00 25.0 N.A. N.A. 24.2
β̂nlg,min - 0.040 0.100 0.150 0.040 0.040 0.041
β̂nlg,max - 0.040 0.100 0.150 0.104 0.098 0.108

Table 4.9: Stick model generation constraint activity.

Constraint
Before

optimisation After optimisation

A350-900 A350-900 A350-1000 A330-300
Longitudinal stability - minimum nlg load Violated Active Active Inactive
Longitudinal stability - maximum nlg load Inactive Inactive Inactive Inactive
Longitudinal stability - rotated tipover Inactive Inactive Inactive Active
Longitudinal stability - push-back tipover Violated Active Active Inactive
Lateral stability - lateral turnover Inactive Inactive Inactive Inactive
Ground clearance - static shock absorber Violated Active Active Active
Ground clearance - extended shock absorber Violated Inactive Inactive Active
Airframe integration - nlg stowage Inactive Active Inactive Active
Airframe integration - mlg stowage Inactive Active Active Inactive
Ground manoeuvring - taxiway design group Violated Inactive Inactive Inactive
Ground manoeuvring - 180◦ turn Inactive Inactive Active Inactive

provided in Appendix C.2.

Figure 4.8 illustrates the A350-900 stick model on top of scaled aircraft drawings. The two most critical
ground clearance attitudes are illustrated in Figures 4.9 (maximum roll, static shock absorber position)
and 4.10 (maximum pitch, static shock absorber position). Similar illustrations are provided in Figures
4.11, 4.12 and 4.13 for the A350-1000, and in Figures 4.14, 4.15 and 4.16 for the A330-300. For the
latter, an additional ground clearance illustration is provided in Figure 4.17, showing ground clearance
while the bogie is articulated. Estimated and actual gear locations along with estimated static and
extended gear lengths are outlined in Table 4.10, 4.11 and 4.12 for the A350-900, A350-1000 and
A330-300 respectively. Gear lengths are measured from the attachment location to the wheel or bogie
axle.

The optimisation model accurately determined the longitudinal location of the main gear for all reference
aircraft. Notably, the model estimated a strut rake angle of −9◦ for the A330-300 (Table 4.8), which
matches the actual configuration [12]. Although a rake angle adds length and therefore mass to the
gear, the main gear attachment design space for the A330-300 is situated closer to the aft centre of
gravity limit compared to other aircraft (Figure 4.4). To satisfy stability constraints, implementing a rake
angle was necessary to achieve a feasible solution.

The lateral positions of the main gear, however, show a slight inboard deviation compared to actual
data. Looking at the constraint activities in Table 4.9, it appears that for the A350-900 and A350-1000,
the main gear is positioned as much inboard as stowage constraints allow. Although positioning the
gear further inboard reduces engine nacelle ground clearance in maximum roll condition, normally
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necessitating a longer gear, still this results in a shorter gear as caused by the shape of the attachment
design space (Section 4.3). The inboard deviation must then be caused by either a too small centreline
clearance distance (keel beam), or by an overestimated benefit of positioning the gear further inboard.
For the A330-300, the main gear stowage constraint is not active, indicating that the lateral location of
the gear is fully determined by ground clearance in maximum roll condition. In this case, the deviation
is likely caused by aircraft family design constraints. The A330-300 has the same fuselage and landing
gear as the A340-300 [12]. However, the A340-300 features two more engines that are located further
outboard, requiring additional roll ground clearance, thereby pushing the gear further outboard.

The estimated longitudinal location of the nose gear shows good agreement with the actual nose gear
location for the A350-900, however shows a deviation for both the A350-1000 and A330-300, the latter
being most significant. Naturally, the nose gear load percentage is very sensitive to main gear location
discrepancies. For the A350-1000, the main gear location is estimated to be slightly ahead of the
actual location. Consequently, the minimum nose gear load constraint caused the nose gear to be
positioned further aft. Conversely, for the A330-300, the nose gear location is not affected by load
constraints. Instead, the optimiser positioned the nose gear as much forward as allowed by stowage
constraints. Possibly, more stringent nose gear load or stowage constraints have been used by Airbus
when designing the A330.

Actual gear lengths could not be obtained and could therefore not explicitly be validated. It can only
be concluded from Figures 4.8, 4.11 and 4.14 that the height of the stick model wheel axles roughly
correspond to the wheel axles on the drawing. However, this does not necessarily mean that the gear
lengths are similar, as the length is also affected by the lateral attachment location due to the orientation
of the attachment design space. The largest lateral attachment location deviation is found for the A330-
300, having a deviation of 0.48 m (Table 4.12). With the main gear attachment location becoming
0.20 m higher for every 1.00 m the gear is positioned further outboard (Table 3.1), and assuming that
required the aircraft to ground distance remains equal, the gear length would be 0.09 m larger than
estimated using the model when positioned at the actual lateral location. For lmlg,static, this results in a
2.9% deviation for the A330-300, which is considered acceptable for the scope of this research.

Noteworthy is the 24.2◦ bogie articulation angle that has been added by the optimiser to obtain additional
extended shock absorber tail clearance for the A330-300 (Table 4.8, illustrated in Figure 4.17). This
roughly corresponds to the 25◦ bogie articulation angle estimated from figures in Schmidt [12].

Table 4.10: A350-900 gear stick model validation

Item Estimated (m) Actual (m) Est/Act (-)
Xmlg 33.3 33.3 1.00
Ymlg 5.01 5.30 0.95
lmlg,static 3.35 - -
lmlg,extended 3.87 - -
Xnlg 4.64 4.63 1.00
lnlg,static 2.30 - -
lnlg,extended 2.76 - -

Table 4.11: A350-1000 gear stick model validation

Item Estimated (m) Actual (m) Est/Act (-)
Xmlg 37.0 37.1 1.00
Ymlg 5.15 5.37 0.96
lmlg,static 3.59 - -
lmlg,extended 4.11 - -
Xnlg 5.33 4.63 1.15
lnlg,static 2.39 - -
lnlg,extended 2.85 - -
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Top view Front view

Side view

Figure 4.11: A350-1000 gear stick model results after optimisation.
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Figure 4.12: A350-1000 front view, critical ground clearance attitude (θ = −0.2◦, ϕ = 8.0◦), static shock absorber position, after
optimisation.
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Figure 4.13: A350-1000 side view, critical ground clearance attitude (θ = 9.5◦, ϕ = 0.0◦), static shock absorber position, after
optimisation.
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Top view Front view

Side view

Figure 4.14: A330-300 gear stick model results after optimisation.
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Figure 4.15: A330-300 front view, critical ground clearance attitude (θ = −0.9◦, ϕ = 8.0◦), static shock absorber position, after
optimisation.
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Figure 4.16: A330-300 side view, critical ground clearance attitude (θ = 10.1◦, ϕ = 0.0◦), static shock absorber position, after
optimisation.
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Figure 4.17: A330-300 side view, critical ground clearance attitude (θ = 14.2◦, ϕ = 0.0◦), extended shock absorber position,
after optimisation.
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Table 4.12: A330-300 gear stick model validation

Item Estimated (m) Actual (m) Est/Act (-)
Xmlg 32.1 32.1 1.00
Ymlg 4.86 5.34 0.91
lmlg,static 3.09 - -
lmlg,extended 3.66 - -
Xnlg 4.64 6.67 0.70
lnlg,static 2.36 - -
lnlg,extended 2.82 - -

Figure 4.18 presents the A350-900 gear loading diagram. The shaded grey area represents the max-
imum expected aircraft mass across the entire centre of gravity range, expressed relative to the nose
and mean aerodynamic chord. Blue lines indicate the nose gear load limits, while red lines show the
main gear load limits. Both static and dynamic tyre load limits are considered. The diagram indicates
that the tyre selection for both the main and nose gear is driven by static load limits. For the main gear,
the most critical mass condition logically occurs at the aft centre of gravity limit at maximum ramp mass.
Conversely, for the nose gear, the critical mass condition is a result of maximum ramp mass at the
forward centre of gravity limit.

Figure 4.18: A350-900 gear loading diagram.

Figure 4.19 displays the turning radii of the wing tip, tail plane, nose, and landing gear for an A350-
900 executing a right turn with a nose gear steering angle of 72◦. Vertical lines indicate the taxiway
width and separation distances typically specified for a Code E aircraft. It can be concluded that, given
the estimated turn centre location and assuming the aircraft remains on the taxiway centreline, the
A350-900 can execute its sharpest turn without the wing tips trespassing the airport design separation
distance. This ensures that the wing tip does not collide with any object or aircraft taxiing on a parallel
taxiway or taxilane.

Flotation is not specifically evaluated in the validation study. Flotation performance is primarily influ-
enced by the bogie width, length, and tyre pressure, which are directly obtained from Airport Planning
Manuals, naturally resulting in consistent flotation.
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Figure 4.19: A350-900 wing tip, nose, nose gear, tail plane, left main gear and right main gear turning radii for a right turn with

maximum nose gear steering angle.

4.4. Mass Estimation
In this section, the verification, validation and calibration of the gear mass estimation method are dis-
cussed. First, the finite element model is verified by comparing manual load calculations with loads
resulting from the finite element analysis. After that, the gear mass estimation method validation is
outlined, including a description of the 3D model generation, structural sizing, and the gear group mass
analysis. Lastly, the mass estimation calibration is discussed.

4.4.1. Finite Element Model Verification
Verification is performed to ensure that the finite element model, including geometries, mesh, bound-
ary conditions and loads, is correctly implemented. Figure 4.20 illustrates a generic main landing gear
model and a corresponding 1D (stick) model in orange, which is used for finite element model verifica-
tion in this study. Specifically, the model features a bogie beam with four wheels, a shock strut cylinder,
a shock strut piston, a trunnion, a drag brace and a side brace.

Figure 4.20: Generic gear 3D model and 1D finite element model (in orange) for verification and validation, isometric view.

In the verification experiment, the landing gear stick model is subjected to two different verification load
cases. Internal forces and moments in the bogie beam, shock strut and drag brace are evaluated using
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both analytical calculations and finite element analysis. The stick model nodes are defined as illustrated
in Figure 4.21. Node coordinates and type specifications relevant to the analysis of the bogie beam
(KL), shock strut (OC) and drag brace (HG) are shown in Table 4.13. Coordinates are measured from
the stick model origin (O) following the reference frame depicted in the figure. The shock absorber is
considered to be in the static position. Node type specifications describe beam to beam interactions,
and are described in detail in Section 3.5. Table C.12 in Appendix C.3 provides a full overview of all
verification gear model node coordinates and type specifications.
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(a) Right main landing gear back view.
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(b) Right main landing gear side view.

Figure 4.21: Generic gear model node definitions.

Table 4.13: Generic gear model node specifications.

Node x (m) y (m) z (m) Type
O 0.00 0.00 0.00 Hinge
A 0.00 0.00 -1.40 Beam
C 0.00 0.00 -2.35 Hinge
D 0.10 0.00 0.00 -
E 1.00 0.00 0.00 Beam
F 1.10 0.00 0.00 -
G 1.00 0.00 -0.12 Hinge
H 0.20 0.00 -1.40 Hinge
KC 0.71 0 -2.35 Beam
LC -0.71 0 -2.35 Beam

Boundary conditions are defined as shown in Table 4.14. Trunnion nodes D, F and side brace node J
are all subjected to a zero translation boundary condition. Node D and F may only rotate around a local
z-axis, which is aligned with the longitudinal axis of the trunnion as illustrated in Figure 4.22a. Similarly,
node J may only rotate around a local x-axis, which is defined by the hinge axis as shown in Figure
4.22b. Loads are applied to either side of the bogie beam, represented by node KC and LC. The first
load case exposes the nodes to a vertical load of 100 kN. In the second load case, this vertical load
is combined with a drag load of 50 kN. The load cases are defined as shown in Table 4.15, with Fx,
Fy and Fz in the directions as illustrated in Figure 4.22c. Load directions are always aligned with the
earth reference frame, such that Fz is always perpendicular to the ground, irrespective of the bogie
orientation.

Table 4.16 shows maximum internal loads in the bogie beam, shock strut and drag brace loads resulting
from verification case 1. Similarly, verification case 2 results are shown in Table 4.17. Internal loads
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Table 4.14: Generic gear model boundary conditions.

Node δx (m) δy (m) δz (m) θx θy θz

D Fixed Fixed Fixed Fixed Fixed Free
F Fixed Fixed Fixed Fixed Fixed Free
J Fixed Fixed Fixed Free Fixed Fixed

F

y

z

x

(a) Trunnion (node D and F)
boundary condition.

y

x
z

J

(b) Side brace (node J) boundary
condition.

KC

Fx

Fy

Fz

(c) Bogie beam (node KC) load
condition.

Figure 4.22: Generic gear model boundary condition and load definitions.

Table 4.15: Verification load case definitions.

Load case Node Fx (N) Fy (N) Fz (N)
Verification 1 KC 0.00 0.00 1.00×105

LC 0.00 0.00 1.00×105

Verification 2 KC 0.00 5.00×104 1.00×105

LC 0.00 5.00×104 1.00×104

are defined as illustrated in Figure 3.23. Free body diagrams and derivations used for the analytical
calculations can be found in Appendix C.3.

Table 4.16: Finite element model verification case 1 maximum internal load results.

Bogie beam (KL) Shock strut (OC) Drag brace (GH)
Load Analytical FEM Analytical FEM Analytical FEM
Vx (N) 0.00 0.00 0.00 5.00 0.00 5.00
Vy (N) 1.00×105 1.00×105 0.00 -81.0 0.00 0.00
Nz (N) 0.00 0.00 -2.00×105 -2.00×105 0.00 -136
Mx (Nm) 7.10×104 7.10×104 0.00 -22.0 0.00 0.00
My (Nm) 0.00 0.00 0.00 3.67 0.00 5.40
Tz (Nm) 0.00 0.00 0.00 -76.2 0.00 1.71

Table 4.17: Finite element model verification case 2 maximum internal load results.

Bogie beam (KL) Shock strut (OC) Drag brace (GH)
Load Analytical FEM Analytical FEM Analytical FEM
Vx (N) 0.00 0.00 5.00×104 5.00×104 0.00 -2.87
Vy (N) 1.00×105 1.00×105 0.00 -2.87 0.00 0.00
Nz (N) 2.50×104 2.50×104 -3.09×105 -3.09×105 1.29×105 1.28×105

Mx (Nm) 7.10×104 7.10×104 0.00 2.10 0.00 0.00
My (Nm) 0.00 0.00 -4.75×104 -4.75×104 0.00 3.10
Tz (Nm) 0.00 0.00 0.00 -43.8 0.00 0.98
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Comparing the results, it can be concluded that loads calculated using finite element methods are
similar to the loads calculated manually. Results for the bogie beam align perfectly. Discrepancies
are noticeable for the shock strut and drag brace. These can be attributed to the fact that FEM incor-
porates the impact of structural deformations, which have been assumed negligible in the analytical
calculations. The compressive strain experienced by the shock strut induces compression in both the
side brace and drag brace, consequently introducing shear forces and bending moments into the strut.
Crucially, load analysis results depend on the deflections, which in its turn depend on the selected
cross-sectional properties of the stick model members determined during structural sizing. Therefore,
iterative processes are imperative to achieve convergence and ensure that the analysis reflects the
true behaviour of the structure.

4.4.2. Mass Estimation Validation
The mass estimation method is validated by comparing the landing gear mass data of the Airbus A310-
200 and Boeing 707-320 with the mass derived using the conceptual landing gear design methodology
proposed in this research. Gear stick models are generated for both aircraft, and can be found in
Appendix C.2. Prior to structural sizing, these stick models must be refined with secondary supports,
such as the drag brace and side brace. Additionally, initial estimates of structural member dimensions
are required to evaluate structural deformations and loads. For both validation aircraft, the dimensions
and positions of the trunnion, drag brace, and side brace were estimated from drawings provided by
Currey [20]. These estimations are illustrated in Figures C.9 and C.11 in Appendix C.4.

Figure 4.23a shows the A310-200 right main landing gear refined using computer aided design (CAD)
software. Similarly, the CAD model of the right main landing gear of the Boeing 707-320 is shown in
Figure 4.23b. Node definitions and coordinates for both models can be found in Appendix C.4.

(a) A310-200 right main landing gear 3D model and stick model
in orange.

(b) Boeing 707-320 right main landing gear 3D model and stick
model in orange.

Figure 4.23: Reference aircraft 3D gear models and 1D finite element models.

Structural Sizing
Now the support structures are added, and initial estimates of cross-sectional dimensions are provided,
structural sizing needs to be performed such that the structural mass can be estimated. The right main
landing gear of the A310-200 and Boeing 707-320 are subjected to the load cases outlined in Table
2.2. A detailed overview of external loads associated with each load case can be found in Tables C.15
and C.17 in Appendix C.4. Additionally, calculated internal loads corresponding to the the most critical
load case for each structural member are outlined Tables C.16 and C.18 in the same appendix. For
illustrative purposes, Figure 4.24a shows the internal force Fy in the bogie beam of the A310-200 for
the level landing load case with spin-up loads. Similarly, Figure 4.24b illustrates the internal moment
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magnitude in the full 1D gear model. Iterations have been performed to ensure that the load results
are sufficiently converged.

(a) Trunnion shear loads. (b) Full model bending moments.

Figure 4.24: Internal loads (illustrative purposes only).

The resulting structural dimensions and mass are presented in Table 4.18 for the A310-200 and in Table
4.19 for the Boeing 707-320. The inner and outer radii are denoted by ri and ro. Dimensions shown
in bold are fixed, based on either the piston diameter or wheel rim diameter, as described in Section
3.5. The section thickness, cross-sectional area, and stick model member mass are given by t, A and
m respectively.

Table 4.18: A310-200 right main landing gear structural member sizing.

Member l (m) ri (m) ro t (m) A (m2) m (kg)
Trunnion 1.250 0.1104 0.1240 0.0136 0.0100 97.9
Cylinder 2.818 0.1240 0.1389 0.0149 0.0123 271.4
Piston 1.197[1] 0.1100 0.1240 0.0140 0.0103 96.6
Bogie beam 1.397 0.0923 0.1054 0.0131 0.0079 86.0
Wheel axle (2x) 0.927 0.0508 0.0640 0.0132 0.0048 34.6
Drag brace 2.664 0.0711 0.0850 0.0079 0.0040 84.3
Side brace 2.800 0.0809 0.0850 0.0041 0.0022 48.2
Total - - - - - 754

1 Extended length plus a margin of 2.75 times the respective piston diameter (Section 3.4.2).

Table 4.19: Boeing 707-320 right main landing gear structural member sizing.

Member l (m) ri (m) ro (m) t (m) A (m2) m (kg)
Trunnion 1.200 0.1176 0.1270 0.0094 0.0072 67.7
Cylinder 1.520 0.1270 0.1417 0.0147 0.0124 147.6
Piston 1.230[1] 0.1167 0.1270 0.0103 0.0079 76.1
Bogie beam 1.420 0.0879 0.1016 0.0137 0.0082 91.2
Wheel axle (2x) 0.880 0.0511 0.0640 0.0129 0.0047 32.4
Drag brace 1.000 0.0585 0.0635 0.0050 0.0019 14.9
Side brace 2.502 0.0592 0.0635 0.0043 0.0017 33.3
Total - - - - - 496

1 Extended length plus a margin of 2.75 times the respective piston diameter (Section 3.4.2).
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Gear Group Mass Analysis
Landing gear groupmass is estimated following themethodology outlined in Section 3.6 and is validated
using actual gear mass data obtained from literature.

Main landing gear structural mass breakdowns are shown in Table 4.20. The primary structure mass
represents uncorrected FEM-based mass estimates based on structural member sizing results outlined
in Table 4.18 and 4.19. Total structural mass is estimated using an assumed constant relative contribu-
tion of fittings and miscellaneous components of 33%, derived from the typical gear mass breakdown
shown in Table 2.10. Please note that the mass presented in Table 4.20 applies to a single main landing
gear.

Table 4.20: Validation aircraft main landing gear structural mass estimations.

Structural mass Share A310-200 B707-320
Primary structure 0.67 754 496
Fittings and misc. components 0.33 365 240
Total 1.00 1119 736

Group mass validation results are shown in Table 4.21 for the A310-200, and in Table 4.22 for the
Boeing 707-320. The actual gear group mass of the A310-200 is 6110 kg [57], whereas the actual gear
group mass of the Boeing 707-320 is 5087 kg [8]. For the Boeing 707-320, actual mass contributions
of the nose gear, main gear rolling stock, structure and controls are derived using the Boeing 707-
320 gear mass breakdown shown in Table 2.10. A similar mass breakdown could not be obtained for
the A310-200, with only the total main gear mass (2710 kg each) and total nose gear mass (690 kg)
specifically available. However, looking at the differences between both aircraft, it appears that both
aircraft have a similar maximum take-off mass [58, 59], and that both aircraft have a similar four-wheel
bogie configuration with similar dimensions. Only the gear of the A310-200 is taller than the gear of the
Boeing 707-320 to facilitate the larger engine bypass ratio and associated fan diameter. It is therefore
assumed that the absolute mass contribution of the rolling stock of the A310-200 is equal to that of the
Boeing 707-320. A310-200 main gear controls are estimated to take up 8% of the total main gear mass
[20]. Further differences in main gear mass between both aircraft are fully attributed to the structure.

Table 4.21: A310-200 landing gear group mass validation.

Item Estimated (kg) Actual (kg) Est/Act (-)
Main gear (each) 2187 2710 0.81

Rolling stock 896 890 1.00
Structure 1119 1603 0.70
Controls 172 217 0.79

Nose gear 588 690 0.85
Total (% MTOM) 4.96×103 (3.49) 6.11×103 (4.30) 0.82

Table 4.22: Boeing 707-320 landing gear group mass validation.

Item Estimated (kg) Actual (kg) Est/Act (-)
Main gear (each) 1900 2340 0.81

Rolling stock 884 890 0.99
Structure 736 1170 0.63
Controls 220 280 0.79

Nose gear 463 407 1.14
Total (% MTOM) 4.26×103 (3.00) 5.09×103 (3.58) 0.85

It can be concluded from Tables 4.21 and 4.22 that statistics-based rolling stock mass estimations can
reliably be used. As expected, estimated structural mass, which is directly proportional to the FEM-
based primary structure mass estimate, underestimates the actual structural mass as discussed in
Section 3.6. The error aligns with typical FEM to actual mass correction factors [8, 56]. Interestingly,
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the deviation is larger for the Boeing 707-320 than it is for the A310-200. This can be explained by the
Boeing 707-320 having a much shorter gear (Appendix C.4), leading to a larger relative contribution
of torque links and locking mechanisms, which have not been considered in the structural analysis. In
addition, only node to node member lengths were considered, which inherently has a larger relative
impact on the mass estimate if members are shorter. Naturally, estimated control mass deviates from
actual mass, as it is directly derived using the total main gear mass, and is therefore affected by the
structural mass estimate. Nose gear mass is underestimated for the A310-200, and overestimated
for the Boeing 707-320. Nose gear mass is estimated using Equation 2.30, which considers nose
gear strut length. Looking at the A310-200 gear stick model results in Figure C.3, it is found that the
nose gear is positioned further aft than the scaled aircraft drawing suggests, leading to a shorter nose
gear strut, lowering the mass estimate. Similarly, for the B707-320, the nose gear is positioned further
forward than suggested by the drawing (Figure C.4), leading to a longer gear strut and consequently,
a higher mass.

4.4.3. Mass Estimation Calibration
Using the estimated and actual primary structure mass (67% of main gear structural mass, Section
3.6), mass correction factors fc can be determined, as shown in Table 4.23. Linear regression is used
to derive a general equation for the correction factor. The extended strut length lmlg,ext is selected as
independent variable to account for the reduction in relative contributions of torque links and locking
mechanisms as the strut length increases. It is assumed that the Airbus A310-200 and Boeing 707-320
main gear primary structure mass estimates are sufficiently representative.

Table 4.23: Primary structure mass correction factors.

Primary structure (kg)
Aircraft Estimated Actual fc (-) lmlg,ext (m)
A310-200 754 1080 1.43 3.80
Boeing 707-320 496 789 1.59 2.31

The primary structure mass correction factor can be calculated using Equation 4.2.

fc = 1.84− 0.107lmlg,ext (4.2)

Corrected landing gear group mass estimations are shown in Table 4.24 and 4.25.

Table 4.24: Corrected A310-200 landing gear group mass.

Item Corrected (kg) Actual (kg) Est/Act (-)
Main gear (each) 2716 2710 1.00

Rolling stock 896 890 1.00
Structure 1603 1603 1.00
Controls 217 217 1.00

Nose gear 588 690 0.85
Total (% MTOM) 6.02×103 (4.24) 6.11×103 (4.30) 0.97

Table 4.25: Corrected Boeing 707-320 landing gear group mass.

Item Corrected (kg) Actual (kg) Est/Act (-)
Main gear (each) 2334 2340 1.00

Rolling stock 884 890 0.99
Structure 1170 1170 1.00
Controls 280 280 1.00

Nose gear 463 407 1.14
Total (% MTOM) 5.13×103 (3.61) 5.09×103 (3.58) 1.01



5
Flying-V Implementation

In this chapter, the conceptual design method implementation is discussed. First, the Flying-V family
baseline gear concept is formulated. After that, the gear design initialisation is discussed, followed by
the baseline gear design. Finally, variations to the baseline concept are developed as discussed in
Section 3.1.

5.1. Baseline Gear Concept Formulation
Based on previous research, it is concluded that the Flying-V requires a long and heavy landing gear
due to its high sweep angle wing and stringent landing and take-off clearance angle requirements [9,
22]. In addition, the Flying-V is significantly limited in stowage volume availability [10]. Lacking a
suitable stowage area within the fuselage, the retracted landing gear must be contained within fairings,
which need to be as compact as possible to maximise aerodynamic performance. Moreover, landing
gear stowage conflicts with fuel tank capacity, which is limited already. Lastly, maximising commonality
between different Flying-V family members is essential for enhancing commercial viability.

A baseline Flying-V family landing gear is formulated, defining the basis for further comparison. The
baseline concept design principles apply to all family members, and are defined as follows:

• The gear design facilitates maximum aircraft and gear design commonality between the Flying-V
family members.

• The gear features a double folding strut to increase stowed compactness.
• The gear incorporates two skewed folding axes to achieve an aerodynamically efficient stowed
position and feasible retraction path.

• The gear includes a mechanism that folds the bogie parallel to the strut when retracted, allowing
for more efficient stowage.

• The shock strut features a shortening mechanism to increase stowed position compactness.
• The bogie and wheels retract forward with respect to the attachment position, such that drag loads
do not oppose gear extension. This is beneficial for compliance with emergency requirements
and actuator sizing.

• The gear features a four-wheel bogie configuration, similar to the Airbus A330 and A350-900.
This ensures similar airport compatibility.

The baseline landing gear is sized and positioned based on the the requirements of the FV-1000 for
all family members. Consequently, each landing gear shares the same structural components and
attachment structure. The FV-800 and FV-900 landing gear only differ from that of the FV-1000 in the
absence of a bogie articulation mechanism. The FV-1000 features a bogie articulation mechanism to
increase ground clearance during landing and take-off, effectively reducing gear length and stowage re-
quirements at the expense of adding complexity. Because the FV-800 and FV-900 require less ground
clearance, including an articulation mechanism is not justified for those aircraft. For all aircraft, the
amount of strut shortening is adjusted to achieve the same bogie position relative to the airframe at-
tachment when retracted, allowing for a common fairing design. This aligns with the common family
section philosophy presented by Oosterom [10]. Rolling stock is sized for each aircraft individually.

79
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5.2. Gear Design Initialisation
This section outlines the Flying-V gear design initialisation, presenting the final stick model generation
inputs which have been adjusted to obtain a feasible gear. For all family members, this results in the
baseline designs as presented in Section 5.3.

5.2.1. Flying-V Aircraft Specifications
Landing gear design inputs related to the Flying-V geometry, mass and operational properties are pre-
sented and discussed in this section. For all Flying-V family members, dimensions were extracted from
the Flying-V - Version 1 3DEXPERIENCE CATIA model, which is described by Jorge [61]. Dimensions
were measured in a standard aircraft design reference frame, with the x-axis positive from nose to tail,
and the z-axis pointing upwards, as illustrated in Figure 3.3. The reference frame origin coincides with
the aircraft planform nose as defined in the CATIA model.

Geometry
Table 5.1 outlines FV-1000, FV-800 and FV-900 geometry specifications.

Table 5.1: Flying-V geometry specifications [61].

Item Unit Format FV-1000 FV-800 FV-900
MDSA m (x, y, z) (29.2, 3.17, -0.25) (23.8, 0.62, -0.25) (26.7, 1.99, -0.25)
MDSB m (x, y, z) (33.2, 5.10, -0.25) (27.8, 2.54, -0.25) (30.7, 3.92, -0.25)
MDSC m (x, y, z) (29.2, 6.32, -0.25) (23.8, 3.77, -0.25) (26.7, 5.15, -0.25)
MDSD m (x, y, z) (33.2, 8.25, -0.25) (27.8, 5.70. -0.25) (-30.7, 7.07, -0.25)
xmlg,DS - xlb ≤ x0 ≤ xub 0.0 ≤ 0.5 ≤ 1.0 0.0 ≤ 0.5 ≤ 1.0 0.0 ≤ 0.5 ≤ 1.0
ymlg,DS - xlb ≤ x0 ≤ xub 0.0 ≤ 0.5 ≤ 1.0 0.0 ≤ 0.5 ≤ 1.0 0.0 ≤ 0.5 ≤ 1.0
NDSA m (x, y, z) (3.0, 0.0, -1.2) (3.0, 0.0, -1.2) (3.0, 0.0, -1.2)
NDSB m (x, y, z) (9.0, 0.0, -1.6) (9.0, 0.0, -1.6) (9.0, 0.0, -1.6)
xnlg,DS - xlb ≤ x0 ≤ xub 0.0 ≤ 0.5 ≤ 1.0 0.0 ≤ 0.5 ≤ 1.0 0.0 ≤ 0.5 ≤ 1.0
srs,min m - 0.02 0.02 0.02
scl,min m - 0.02 0.02 0.02
sfpb,min m - 0.02 0.02 0.02
lfpb m - 1.4 1.4 1.4
CCP1 m (x, y, z) (55.4, 31.5, 1.1) (45.5, 26.6, 1.1) (50.9, 29.2, 1.1)
CCP2 m (x, y, z) (52.1, 31.5, 0.7) (42.2, 26.6, 0.7) (47.6, 29.2, 0.7)
GMCP1 m (x, y, z) (58.9, -32.5, 7.1) (49.0, -27.7, 7.1) (54.4, -30.4, 7.1)
GMCP2 m (x, y, z) (0.0, 0.0, 0.0) (0.0, 0.0, 0.0) (0.0, 0.0, 0.0)

The main landing gear attachment design space is defined by a parallelogram, with a front and aft
edge parallel to the lateral aircraft axis, the inboard edge coincident with the Flying-V trailing edge, and
the outboard edge coincident with the rear spar as illustrated in Figure 5.1. Naturally, the optimiser
positions the main gear ground contact points aft of the aft centre of gravity for stability. This, however,
does not necessarily require the gear to also be attached aft of the aft centre of gravity limit, as this
may also be achieved by implementing a strut rake angle. To account for that, the front edge of the
design space is positioned 2.0 m in front of the aft centre of gravity limit. The rear edge is positioned
2.0 m aft of aft centre of gravity limit, providing the optimiser with sufficient gear positioning freedom.
The design space height z is selected such that the gear attachment and stowed tyres remain below
the upper surface of the wing. Resulting right main landing gear attachment design space is described
by coordinates MDSA, MDSB, MDSC and MDSD.

The nose gear attachment design space is defined by a single line coincident with the aircraft centreline.
Vertically, the line roughly follows the outer mold line. The nose gear attachment design space is the
same for all family members.

Normalised main gear positioning variables xmlg, ymlg and xnlg may range from 0.0 to 1.0, with an initial
estimate of 0.5.
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Figure 5.1: Flying-V gear attachment design spaces, critical points, and centre of gravity range.

Minimum stowage clearance distances are calculated using Equation 2.27. The equation requires tyre
dimensions of selected main and nose gear tyres, which are obtained from tyre tables [12], as well as
the aircraft take-off speed, which is derived from de Zoeten [22].

Coordinates of clearance critical points CCP and ground manoeuvring critical points GMCP are ex-
tracted from the Flying-V - Version 1 CATIA model. CCP1 and CCP2 represent the wing tip trailing
edge and leading edge, as indicated by the orange x in Figure 5.1. GMCP1 and GMCP2 represent the
tip of the winglet and the aircraft nose respectively. Ground manoeuvring critical points are indicated
by a cyan x in Figure 5.1.

Mass Properties
Flying-V mass properties are outlined in Table 5.2.

Table 5.2: Flying-V aircraft mass specifications [10, 21, 27, 61].

Item Unit Format FV-1000 FV-800 FV-900
CGfwd m (x, y, z) (28.2, 0.0, 0.0) (23.3, 0.0, 0.0) (26.2, 0.0, 0.0)
CGfwd,%MAC % MAC - 30.8 30.7 32.2
CGaft m (x, y, z) (31.2, 0.0, 0.0) (25.8, 0.0, 0.0) (28.7, 0.0, 0.0)
CGaft,%MAC % MAC - 47.5 45.9 46.5
MRM kg - 2.67×105 1.86×105 2.35×105

MTOM kg - 2.66×105 1.85×105 2.34×105

MLM kg - 2.00×105 1.39×105 1.76×105

OEM kg - 1.29×105 0.99×105 1.15×105

MRMrange - (xfwd, xaft) (0.5, 1.0) (0.5, 1.0) (0.5, 1.0)
MTOMrange - (xfwd, xaft) (0.5, 1.0) (0.5, 1.0) (0.5, 1.0)
MLMrange - (xfwd, xaft) (0.0, 1.0) (0.0, 1.0) (0.0, 1.0)

The feasible centre of gravity (CG) range for all Flying-V family members is estimated by van der Toorn
[21]. However, unpublished work suggests that the CG is located further aft than initially estimated.
In this research, the aft CG limit for the FV-1000 is assumed to be the average of van der Toorn’s aft
limit (29.9) and the centre of pressure estimated by Laar [27] (32.4). For the FV-800 and FV-900, it is
assumed that the actual aft CG deviates from van der Toorn’s estimate by a similar percentage of the
mean aerodynamic chord (%MAC) as for the FV-1000. The mean aerodynamic chord (MAC) and mean



82 Chapter 5. Flying-V Implementation

aerodynamic chord leading edge (LEMAC) are calculated for each aircraft using Equations B.1 and B.2
in Appendix B.1.1. The forward centre of gravity limits are obtained by applying the CG excursions from
van der Toorn [21] relative to the newly obtained aft limits. Both the lateral and vertical centre of gravity
locations are assumed to be aligned with the aircraft centreline.

Maximum take-off mass (MTOM) and operational empty mass (OEM) are obtained from Oosterom [10]
for all family members. It is assumed that the maximum rampmass (MRM) and maximum landing mass
(MLM) are 100.5% and 75% of the maximum take-off mass respectively, similar to the A350-900 [43].
Upon inspection of the FV-900 loading diagram in Figure 2.11b, it is found that MRM and MTOM cannot
reasonably occur at a forward CG position. Therefore, as a conservative estimate, it is estimated that
for all family members, maximum ramp mass and maximum take-off mass can only occur when the
CG is aft of 50% of the full CG range, alleviating nose gear sizing requirements.

Operational Properties
Operational properties of the FV-1000, FV-800 and FV-900 are outlined in Table 5.3.

Table 5.3: Flying-V aircraft operational requirements, based on landing gear background study (Section 2.4) and [22, 23].

Item Unit Format FV-1000 FV-800 FV-900
θtpb,min

◦ - 15.0 15.0 15.0
ψtno,max

◦ - 63.0 63.0 63.0
ϕmax

◦ - 8.0 8.0 8.0
θstat

◦ - -3.0 -3.0 -3.0
θmax,statSA

◦ - 9.9 9.9 9.9
θmax,extSA

◦ - 14.0 14.0 14.0
β̂nlg,min - xlb ≤ x0 ≤ xub 0.04 ≤ 0.10 ≤ 0.20 0.04 ≤ 0.10 ≤ 0.20 0.04 ≤ 0.10 ≤ 0.20
β̂nlg,max - xlb ≤ x0 ≤ xub 0.04 ≤ 0.10 ≤ 0.20 0.04 ≤ 0.10 ≤ 0.20 0.04 ≤ 0.10 ≤ 0.20
βmlg,max - - 1.5 1.5 1.5
TDG - - 6 6 6
λsteering

◦ - 75.0 75.0 75.0
V1 m/s - 80.0 80.0 80.0

The minimum tipback angle θtpb,min and maximum lateral turnover angle ψtno,max are selected as dis-
cussed in Section 2.4.

The Flying-V must be able to roll with 8◦ while maintaining sufficient ground clearance. All family
members have a static pitch attitude of −3◦ [22]. Without flaps, the maximum pitch attitude with fully
extended shock absorbers θmax,extSA is 17◦ [22]. For the baseline gear design, the use of flaps is antici-
pated, reducing the maximum pitch attitude by 3◦ to 14◦ [24]. It is assumed that the difference between
θmax,extSA and θmax,statSA, the maximum pitch attitude with shock absorbers in the static position is 4.1◦,
similar to the A330-300 [60]. Consequently, the permissible static pitch attitude must be at least 9.9◦.
It must be noted that this is a rough estimation, and that a larger clearance angle is desirable.

The nose gear load target values β̂nlg,min and β̂nlg,max have a lower bound of 0.04, similar to the aircraft
used for verification and validation. The upper bound, however, is increased to 0.20 to account for the
larger CG range compared to the reference aircraft, inherently increasing the nose gear load fraction
at the forward centre of gravity limit. It must be noted that for an aircraft with two nose gear tyres and
eight main gear tyres in total, a nose gear load fraction of 0.20 implies that all tyres are loaded equally.
Typically, the nose gear tyres are smaller and have a lower load rating compared to the main gear tyres.
This is only possible if either the maximum nose gear load fraction is sufficiently small (e.g., smaller
than 0.20 for aforementioned configuration), or if the nose gear load at forward centre of gravity is lower
in absolute terms. The latter is the case for the Flying-V (Table 5.2). The maximum main gear load
fraction βmlg,max is 1.5, representing downforce generated by the spoilers after touchdown [22].

The taxiway design group (TDG) and maximum steering angle λsteering are selected to be similar to that
of the A350-1000. The take-off decision speed V1 is obtained from de Zoeten [22].

It must be noted that the minimum tipback angle, maximum lateral turnover angle, maximum roll and
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pitch attitudes and nose gear load fractions only impose design limitations, and only represent actual
performance if the respective constraints are active. Actual performance characteristics are evaluated
after the optimisation to gain insight in actual operational performance even when constraints are inac-
tive.

5.2.2. Flying-V Strut and Bogie Concept Selection
Flying-V baseline gear design strut and bogie concept selections are outlined in Table 5.4.

Table 5.4: Flying-V strut and bogie concept specifications.

Item Unit Format FV-1000 FV-800 FV-900
Strut - - Concept B Concept B Concept B
lss m xlb ≤ x0 ≤ xub 1.0 ≤ 2.0 ≤ 6.0 1.0 ≤ 2.0 ≤ 6.0 1.0 ≤ 2.0 ≤ 6.0
θss,ext

◦ xlb ≤ x0 ≤ xub -4.0 ≤ -2.0 ≤ 0.0 -4.0 ≤ -2.0 ≤ 0.0 -6.0 ≤ -4.0 ≤ 0.0
θss,ret

◦ - 90.0 90.0 90.0
ϕss,ret

◦ - 0.0 0.0 0.0
ψmlg,ret

◦ xlb ≤ x0 ≤ xub 0.0 ≤ 20.0 ≤ 45.0 0.0 ≤ 20.0 ≤ 45.0 0.0 ≤ 20.0 ≤ 45.0
lus m - 2.10 2.10 2.10
θus,ext

◦ xlb ≤ x0 ≤ xub -24.0 ≤ -22.0 ≤ -20.0 -24.0 ≤ -22.0 ≤ -20.0 -24.0 ≤ -22.0 ≤ -20.0
ϕus,ext

◦ xlb ≤ x0 ≤ xub 0.0 ≤ 0.0 ≤ 0.0 0.0 ≤ 0.0 ≤ 0.0 0.0 ≤ 0.0 ≤ 0.0
θus,ret

◦ - -70.0 -70.0 -70.0
ϕus,ret

◦ - -10.0 -10.0 -10.0
lhs m - N.A. N.A. N.A.
θhs

◦ - N.A. N.A. N.A.
Bogie - - Concept B Concept B Concept B
loffset m - 0.28 0.28 0.28
lineffective m - 0.40 0.40 0.40
θnlg,ret

◦ - 102.0 102.0 102.0

Following the baseline gear concept formulation, the gear needs to have a double folding strut, and the
bogie needs to be folded parallel to the strut when retracted. This can either be achieved by selecting
strut concept D together with bogie concept A (’hockey stick’ arrangement), or by selecting strut concept
B together with bogie concept B. The latter is selected because it offers lower strut bending moments,
a shorter strut, a simpler design, and more kinematics design freedom.

The main gear shock strut length lss must be between 1 and 6 metres long and may be raked at an
angle not smaller than −4◦ and not larger than 0◦. Given that the Flying-V static rake angle is −3◦,
a shock strut range angle of −4◦ results in a rake angle of −7◦ relative to the ground, which is the
maximum recommended rake angle, as discussed in Section 2.4.3. Imposing an upper bound of 0◦
prevents excessively high strut bending moments during landing. The retracted shock strut angles are
selected such that the strut and wheels are aligned with the aircraft centreline for efficient stowage.

The upper strut length lus is selected to ensure that when the gear is retracted, tyres remain clear
of other landing gear components. The upper strut rake angle θus,ext is bounded such that it may be
adjusted by the optimiser to achieve a 20◦ rake angle relative to the shock strut, similar to the Convair
B-58 [12]. The sideward rake angle ϕus,ext is constrained to zero. While the optimiser could theoretically
adjust this angle to shift the ground contact points further outboard than the gear attachment position,
thereby potentially reducing the required gear length to achieve ground clearance, this adjustment
would also result in increased bending moments in the upper strut. Additionally, such a modification
would bring the shock strut closer to the attachment point of the fixed-length shock strut brace, thereby
diminishing its mechanical leverage. The angle between the retracted shock strut and upper strut is
set to 20◦, offering a good compromise between compactness, actuator loads, and kinematic feasibility.
Consequently, the retracted upper strut angle θus,ret must be−70◦, ϕus,ret is selected to obtain a feasible
retraction path.

The bogie pivot to bogie centreline offset distance loffset is selected to be as small as possible tominimise
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bogie pitching moments during spin-up and brake rod loads during braking, while still allowing flat-
packing during retraction. The ineffective piston length lineffective is assumed to be similar to that of the
A310-200. The nose gear strut folding angle θnlg,ret ensures that the strut folds entirely into the aircraft
fuselage.

5.2.3. Flying-V Bogie and Tyre Sizing
Flying-V bogie and tyre sizing specifications are outlined in Table 5.5.

Table 5.5: Flying-V bogie and tyre sizing specifications.

Item Unit Format FV-1000 FV-800 FV-900
Nmlg,w - - 8 8 8
Nmlg,ss - - 2 2 2
lbogie m - 2.02 2.02 2.02
wbogie m - 1.62 1.62 1.62
Tyremlg - - 1400x530R23 (42 ply) 50x20R22 (32 ply) 54x21R23 (38 ply)
Nnlg,w - - 2 2 2
wnlg m - 0.75 0.75 0.75
Tyrenlg - - 43x17.5R17 (32 ply) 43x17.5R17 (32 ply) 43x17.5R17 (32 ply)
ax,des m/s2 - 3.9 3.9 3.9

The baseline concept features two main gear struts, both with a four-wheel bogie configuration. The
length and width of the FV-1000 are determined through linear interpolation between the dimensions of
the A330-300 and A350-900, based on the maximum take-off mass of each aircraft. The FV-800 and
FV-900 share the same bogie design. Main and nose gear tyre selections are based on the tyre loading
diagrams (Figure 5.11 for the FV-1000) and are aligned with those used on current wide-body aircraft,
including the Airbus A330, A350, and Boeing 777 and 787. Similar to most large transport aircraft, the
Flying-V will have a single nose gear strut with two wheels. The nose gear wheel span is based on that
of the A350-900. The design deceleration ax,des is obtained from de Zoeten [22].

5.2.4. Flying-V Shock Absorber Sizing
Flying-V shock absorber sizing specifications are outlined in Table 5.6, and are similar to those specified
for the reference aircraft used for validation, as shown in Table 4.6.

Table 5.6: Flying-V shock absorber sizing specifications.

Item Unit Format FV-1000 FV-800 FV-900
λmlg - - 1.10 1.10 1.10
Pmlg,static MPa - 13.8 13.8 13.8
bmlg - - 0.10 0.10 0.10
λnlg - - 1.30 1.30 1.30
Pnlg,static MPa - 13.8 13.8 13.8
bnlg - - 0.10 0.10 0.10
sFmax - - 0.30 0.30 0.30

5.2.5. Flying-V Special Features
Flying-V special landing gear feature specifications are outlined in Table 5.7.

Following the baseline concept formulation, the FV-1000 incorporates both bogie articulation and strut
shortening, while the FV-800 and FV-900 feature only strut shortening. The specifications for FV-1000
bogie articulation and strut shortening are similar to those of the A330-300, as detailed in Table 4.7.
Only the articulated bogie reaction factor λmlg,art is lowered slightly to have the de-articulation margin
larger than 0.1 m. The shortening amounts of the FV-800 and FV-900 are adjusted to achieve the same
retracted bogie position as the FV-1000, measured relative to the gear attachment origin.
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Table 5.7: Flying-V special landing gear feature specifications.

Item Unit Format FV-1000 FV-800 FV-900
Articulation - Boolean True False False
λmlg,art - - 0.35 N.A. N.A.
θbogie

◦ xlb ≤ x0 ≤ xub 0.00 ≤ 0.00 ≤ 25.0 N.A. N.A.
lx,pivot m - 0.22 N.A. N.A.
lz,pivot m - 0.26 N.A. N.A.
lmargin,art m - 0.10 N.A. N.A.
Shortening - Boolean True True True
lshortening m - 0.50 0.35 0.35

5.3. Baseline Gear Design
In this section, the implementation of the baseline landing gear concept is outlined. First, baseline land-
ing gear stick models are generated, which is then followed by the 3D model generation and structural
sizing. As detailed in Section 5.1, the baseline concept is based on the requirements of the FV-1000,
and includes both bogie articulation and strut shortening. For the FV-800 and FV-900, bogie articula-
tion is eliminated, and the strut shortening is modified to ensure the bogie maintains the same relative
position to the gear attachment point as it does in the FV-1000 configuration.

5.3.1. Stick Model Generation
First, a stick model is generated for the FV-1000, following the objective and constraints as specified in
Section 3.3. The resulting design vector values subsequently serve as fixed inputs for generating the
stick models of the FV-800 and FV-900. Gear positioning parameters xmlg and ymlg define the main gear
attachment location within the attachment design space, which maintains consistent dimensions and
placement relative to the centre of gravity across all family members. Consequently, using the same
positioning parameters for each family member ensures that the gear attachment remains consistently
aligned with both the centre of gravity and the rear spar. Furthermore, by applying the same stick
model design variables lss, θss,ext, ψmlg,ret, θus,ext, ϕus,ext, stick model lengths and orientations are uniform
across all family members. The bogie articulation angle θbogie does not need to be specified for the FV-
800 and FV-900, as bogie articulation is omitted for these aircraft.

However, an exception is made for the nose gear positioning parameter xnlg and target nose gear load
fractions β̂nlg,min and β̂nlg,max. Because of the −3◦ static pitch attitude, constant main gear length, and
variation in aircraft length between the Flying-V family members, the FV-800 and FV-900 inherently
require a longer nose gear than the FV-1000. Consequently, the FV-800 and FV-900 require the nose
gear to be positioned further aft in order to have sufficient clearance from the front pressure bulkhead
when stowed. This also affects the nose gear load fraction. Instead of fixing FV-800 and FV-900 nose
gear positioning parameters and target nose gear load fractions to that of the FV-1000 design vector
outputs, they are limited by their original bounds as specified in Tables 5.1 and 5.3.

The final design vector and an overview of constraint activity are presented in Tables 5.8 and 5.9,
respectively. The gear positioning parameters and shock strut length are well within their respective
bounds, indicating that the design space has been positioned appropriately. Interestingly, the shock
strut is raked aft at −4◦ (−7◦ relative to the ground), even though this is not specifically needed for
feasible attachment, e.g., there is still room to move the attachment point further aft, which would result
in a shorter gear for the same ground contact point. This can be explained by the optimiser optimising for
maximum rotation ability, which moves the static main gear pivot as much forward as possible, and the
rotated tipover constraint being active. When the strut is raked, the pivot point moves aft as the shock
absorber extends, effectively adding to the rotated tipover margin (extended shock absorber) whilst not
affecting the pivot location for initial rotation (static shock absorber). The bogie articulation angle θbogie
is bounded by its upper bound to maximise the articulation benefit. The upper strut rake angle θus,ext
is selected to achieve a 20◦ difference with the shock strut rake angle, as discussed in Section 5.2.
The sideward rake angle ϕus,ext is maintained at 0◦ because increasing it would unnecessarily lengthen
the gear. As the outboard gear location is constrained by taxiway design group limits, implementing a
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rake angle would require adjusting the lateral positioning parameter ymlg to move the attachment further
inboard.

FV-800 and FV-900 design vector changes and constraint violations are indicated in bold. Interestingly,
using the FV-1000 design vector for the FV-800 and FV-900 does not yield a feasible design. Even
though both the FV-800 and FV-900 have a smaller CG excursion compared to the FV-1000 (Table
5.2), the larger nose gear length and resulting nose gear repositioning results in the FV-800’s nose
gear load fraction being larger than 20% at forward CG. For the FV-900, the nose gear load fractions
fall within the acceptable range, however, ground clearance is insufficient to allow the aircraft to achieve
a combined 14.0◦ pitch and 8.0◦ degree roll attitude.

Table 5.8: Flying-V baseline concept stick model generation design vectors.

Variable Unit xlb x0 xub FV-1000 FV-800 FV-900
xmlg - 0.00 0.50 1.00 0.61 0.61 0.61
ymlg - 0.00 0.50 1.00 0.55 0.55 0.55
xnlg - 0.00 0.50 1.00 0.55 0.60 0.57
lss m 1.00 2.00 6.00 3.55 3.55 3.55
θss,ext

◦ -4.00 -2.00 0.00 -4.00 -4.00 -4.00
ψmlg,ret

◦ 0 20.0 45.00 14.4 14.4 14.4
θus,ext

◦ -24.0 -22.0 -20.0 -24.0 -24.0 -24.0
ϕus,ext

◦ 0.00 0.00 0.00 0.00 0.00 0.00
θbogie

◦ 0.00 0.00 25.0 25.0 N.A. N.A.
β̂nlg,min - 0.04 0.10 0.20 0.07 0.09 0.08
β̂nlg,max - 0.04 0.10 0.20 0.18 0.21 0.18

Table 5.9: Flying-V baseline concept stick model generation constraint activity.

Constraint FV-1000 FV-800 FV-900
Longitudinal stability - minimum nlg load Inactive Inactive Inactive
Longitudinal stability - maximum nlg load Inactive Violated Inactive
Longitudinal stability - rotated tipover Active Inactive Inactive
Longitudinal stability - push-back tipover Inactive Inactive Inactive
Lateral stability - lateral turnover Inactive Inactive Inactive
Ground clearance - static shock absorber Inactive Inactive Inactive
Ground clearance - extended shock absorber Active Inactive Violated
Airframe integration - nlg stowage Active Active Active
Airframe integration - mlg stowage Active Active Active
Ground manoeuvring - taxiway design group Active Inactive Inactive
Ground manoeuvring - 180◦ turn Inactive Inactive Inactive

Resulting extended and retracted baseline concept gear stick models are shown in Figures 5.2, 5.3
and 5.4 for the FV-1000, in Figures 5.5, 5.6 and 5.7 for the FV-800, and in Figures 5.8, 5.9 and 5.10
for the FV-900. Specifically, for each aircraft, the latter two figures illustrate ground clearance for a
combined 14.0◦ pitch and 8.0◦ roll attitude. An overview of stick model results is provided in Table 5.10,
with unsatisfactory results indicated in bold.

It can be observed that the FV-1000 utilises bogie articulation to achieve sufficient ground clearance
under combined pitch and roll conditions. With fully extended shock absorbers (SA), the FV-1000 can
attain a pitch attitude of 14.0◦, whereas in the static position, only a 10.5◦ pitch attitude is available.
The FV-800 and FV-900 do not feature bogie articulation and hence, they naturally have a smaller
difference between the static and fully extended SA maximum pitch attitudes (θmax,statSA and θmax,extSA,
respectively). For the FV-800, the gear allows the aircraft to achieve a 16.0◦ pitch attitude when the SA
is fully extended, or 13.9◦ when the SA is in the static position. For the FV-900, only a 13.7◦ pitch attitude
is available when the SA is fully extended, which is lower than the 14.0◦ pitch attitude requirement. This
necessitates either an increase in the landing and take-off speed or an extension of the gear length.
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Alternatively, bogie articulation could be implemented for the FV-900 as well. The FV-900 can achieve
a 11.9◦ pitch attitude when the SA is in the static position. In all cases, a roll angle of 8.0◦ is considered.

Because bogie articulation requires the shock absorber to exert a reduced vertical reaction during the
initial phase of its compression stroke to avoid overloading the tyres, a slightly longer total stroke is
needed to absorb all vertical landing energy. Consequently, the FV-1000 has a slightly longer SA
stroke, which translates to a longer main gear length lmlg,extended compared to the FV-800 and FV-900.

It can also be observed that for the FV-800 and FV-900, the nose gear attachment has to be moved
aft with 0.35 m and 0.11 m, respectively, in order to have sufficient room for retracting the longer nose
gear. Instead of relocating the attachment point, a nose gear strut shortening mechanism could be
implemented. Typically, such mechanisms can reduce the strut length by nearly the full SA stroke
[12], which is approximately 0.45 m. This means that the increase in gear length can effectively be
countered by strut shortening, negating the need to relocate the attachment point, enhancing family
design commonality. Additionally, moving the gear forward would reduce the nose gear load fraction,
which is currently too high for the FV-800.

Lastly, it must be noted that when it comes to lateral stability, the FV-800 only marginally has its lateral
turnover angle ψtno below 63.0◦. Although it is sufficient for lateral stability, a smaller lateral turnover
angle is generally recommended to increase the operational envelope (Section 2.4).

Table 5.10: Flying-V baseline concept stick model results.

Item Unit FV-1000 FV-800 FV-900
Xmlg m 31.6 26.3 29.2
Ymlg m 6.08 3.52 4.90
lmlg,static m 5.71 5.70 5.70
lmlg,extended m 6.38 6.22 6.22
Xnlg m 6.15 6.40 6.26
lnlg,static m 3.37 3.64 3.50
lnlg,extended m 3.83 4.09 3.95
θtpb

◦ 18.1 18.1 18.1
ψtno

◦ 49.0 61.6 54.1
ϕmax

◦ 8.0 8.0 8.0
θmax,statSA

◦ 10.5 13.9 11.9
θmax,extSA

◦ 14.0 16.0 13.7
βnlg,aftCG - 0.070 0.088 0.077
βnlg,fwdCG - 0.183 0.207 0.181

The resulting FV-1000 gear loading diagram is shown in Figure 5.11. Similar diagrams for the FV-800
and FV-900 are shown in Figures D.1 and D.2 in Appendix D. The diagrams illustrate nose gear and
main gear tyre load limits (blue lines and red lines, respectively), indicating the maximum allowable
aircraft mass at any centre of gravity location under specific loading conditions. It can be concluded
that for the FV-1000, the nose gear tyre selection is driven by both the static load limit and dynamic
(design landing deceleration) load limit (Table 5.5). The main gear tyre selection is only driven by the
dynamic load limit, which can be attributed to the generation of downforce.

It is important to note that the analysis considers a maximum main gear load fraction βmlg,max of 1.5
(Table 5.3) to account for downforce generation, whereas de Zoeten [22] suggests a range of 1.5 to
1.7. Specifically for the FV-1000, the baseline concept is already equipped with the strongest tyres
commonly available [12], and can thus not further be upgraded. Consequently, the main gear load
fraction must be limited to 1.5 when the aircraft is at MTOM, e.g., during a rejected take-off. However,
this limitation is unlikely to yield unsatisfactory operational performance, as the FV-1000 balanced field
length is significantly shorter than that of the A350-1000 [22], not requiring a larger main gear load
fraction for better braking.

Figure 5.12a and 5.12b show FV-1000 and FV-800 turning radii when executing a right turn with a
75◦ nose gear steering angle. A similar figure for the FV-900 can be found in Appendix D. Vertical
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Top view Front view

Side view

Figure 5.2: FV-1000 baseline concept landing gear stick model.
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Figure 5.3: FV-1000 baseline concept front view, critical ground clearance attitude (θ = 14.0◦, ϕ = 8.0◦), extended shock
absorber position.
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Figure 5.4: FV-1000 baseline concept side view, critical ground clearance attitude (θ = 14.0◦, ϕ = 8.0◦), extended shock
absorber position.
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Top view Front view

Side view

Figure 5.5: FV-800 baseline concept landing gear stick model.
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Figure 5.6: FV-800 baseline concept front view, critical ground clearance attitude (θ = 14.0◦, ϕ = 8.0◦), extended shock
absorber position.

-25 -20 -15 -10 -5 0 5 10 15 20
0

5

10

15

Figure 5.7: FV-800 baseline concept side view, critical ground clearance attitude (θ = 14.0◦, ϕ = 8.0◦), extended shock
absorber position.
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Top view Front view

Side view

Figure 5.8: FV-900 baseline concept landing gear stick model.
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Figure 5.9: FV-900 baseline concept front view, critical ground clearance attitude (θ = 14.0◦, ϕ = 8.0◦), extended shock
absorber position.
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Figure 5.10: FV-900 baseline concept side view, critical ground clearance attitude (θ = 14.0◦, ϕ = 8.0◦), extended shock
absorber position.
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Figure 5.11: FV-1000 baseline gear loading diagram.

lines indicate the minimum taxiway separation distance, minimum taxilane separation distance and the
taxiway width for a Code E aircraft, which are used for airport design (Table 2.7). It can be concluded
that when the FV-1000 turns, its wing tip trespasses both minimum separation distances, potentially
leading to collisions with objects or other aircraft. The FV-900 only trespasses the taxilane separation
distance, while the FV-800 does not trespass any of the minimum separation distances. It must be
noted that the wing tip turning radius is defined by the distance between the wing tip and the turning
centre, which is only marginally affected by landing gear positioning. Therefore, operational limitations
may need to be imposed on the FV-900 and FV-1000 to ensure safe ground operations.
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(a) FV-1000 baseline gear concept.
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(b) FV-800 baseline gear concept.

Figure 5.12: Flying-V wing tip, nose, nose gear, left main gear and right main gear turning radii for a right turn with maximum
nose gear steering angle.

Table 5.11 presents A350-900, FV-1000, FV-800 and FV-900 Aircraft Classification Ratings (ACR),
which are calculated using the ICAO-ACR tool [47]. It is found that all Flying-V family members have
a lower ACR compared to the A350-900 on both rigid and flexible pavements across all subgrade
categories. This implies that all Flying-V family members have similar or better flotation performance
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compared to the A350-900. However, it is important to note that these findings are based on static loads,
without considering the effects of downforce generation after landing or during a rejected take-off.

Table 5.11: Flying-V baseline concept flotation (ACR) comparison, obtained using the ICAO-ACR tool [47].

Subgrade
category

Flexible ACR Rigid ACR
A350-900 FV-1000 FV-800 FV-900 A350-900 FV-1000 FV-800 FV-900

D 884 868 510 703 1031 1003 597 827
C 742 723 462 609 918 894 533 735
B 692 670 449 575 825 803 487 663
A 680 655 450 569 729 708 449 594

5.3.2. 3D Model Generation
The stick model of the FV-1000 right main landing gear is refined in 3DEXPERIENCE CATIA, enabling
further analysis. This refinement process is not necessary for the FV-800 and FV-900 models, as they
share the same fundamental landing gear design as the FV-1000. Figures 5.13a and 5.13b illustrate
the final baseline concept 3D gear model and the refined stick model, from a left isometric and a right
isometric perspective.

(a) Left isometric view. (b) Right isometric view.

Figure 5.13: FV-1000 baseline concept right main landing gear 3D model and refined stick model in orange.

The upper strut and shock strut folding axis orientations are given by the unit vectors v̂1 and v̂2, respec-
tively, in Equation 5.1.

v̂1 =

 0.28
−0.95
0.14

 , v̂2 =

 0.73
−0.62
0.30

 (5.1)

Further design refinement is conducted as discussed in Section 3.4.2. The lengths of the upper strut
and shock strut trunnion have been selected to provide maximal support to the gear without increasing
the stowed volume already occupied by the struts and bogie assembly. A similar approach is followed
when determining the brace attachment locations. Special care is taken in positioning the brace that
connects the shock strut to the airframe. Since the brace has a fixed length, the distance between
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the airframe and the strut attachment point when the gear is extended must be equal to the distance
when the gear is retracted. During retraction, the brace attachment locations significantly influence the
gear retraction path, thereby affecting concept feasibility. Tyres and wheels are added to the model
to enable a stowage and retraction path analysis. Outer tyre dimensions correspond to the maximum
grown dimensions, as specified in tyre tables [12]. Refined baseline gear concept stick model nodes
are illustrated in Figures 5.14a and 5.14b. Node locations and type specifications are provided in Table
D.1 in Appendix D.
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(a) Right main landing gear back view.
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(b) Right main landing gear side view.

Figure 5.14: Baseline gear model node definitions.

The baseline gear retraction path is illustrated in Figure 5.15. From left to right, the Figure shows the
gear in the static position, articulated position, half-retracted position, and fully retracted position. For
the FV-1000, the articulation mechanism serves a dual purpose: it articulates the bogie for landing and
take-off, and flat-packs the bogie for stowage. In contrast, the FV-800 and FV-900 require a dedicated
bogie positioning mechanism for stowage as they do not have an articulation mechanism. It is found
that the gear is able to retract from the extended to folded position without colliding with itself or the
rear spar. However, special care must be taken when timing the bogie folding during retraction. As can
be observed in the figures representing the half-retracted position, the front or rear tyres may get far
inboard relative to the gear attachment point, depending on the bogie rotation angle. While this is not
an issue for the FV-1000 and FV-900, for the FV-800 incorrect timing of bogie folding during retraction
could result in the left and right gears colliding.

5.3.3. Structural Sizing
Finite element analysis is conducted to determine minimum required size and mass of the main landing
gear primary structure. The refined stick model is subjected to the boundary conditions outlined in Table
5.12, representing the airframe attachment. The upper strut trunnion and drop link assembly braces are
allowed to hinge around their respective rotation axis. The shock strut support brace is connected to
the airframe using an universal joint, only preventing translations, but allowing rotations in all directions.
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Figure 5.15: FV-1000 main landing gear baseline concept retraction kinematics, left view, back view and top view.

Table 5.12: Flying-V gear model boundary conditions.

Node δx (m) δy (m) δz (m) θx θy θz

D1 Fixed Fixed Fixed Fixed Fixed Free
D4 Fixed Fixed Fixed Fixed Fixed Free
C1 Fixed Fixed Fixed Free Fixed Fixed
C2 Fixed Fixed Fixed Free Fixed Fixed
C5 Fixed Fixed Fixed Free Free Free

The structure is subjected to the load cases outlined in Table 2.2, applied in a manner similar to the
verification and validation gear models described in Section 4.4. A detailed description of load cases
and an overview of resulting external gear loads is presented in Table A.1 in Appendix A and Table D.3
in Appendix D, respectively.

For each member, the most critical load case is identified. Resulting internal member loads are detailed
in Table D.2. The critical load cases are visualised in Figure 5.16, where ’LVL’, ’SSL’, ’GRO’ and ’BRR’
represent variations of the level landing, side load loading, general ground handling, and braked roll load
cases, respectively. For landing load cases, ’P1’ describes the initial (de-articulation) shock absorber
compression phase, with only two wheels on the ground, while ’P2’ represents the second phase, with
all wheels on the ground. ’SU’, ’SB’, ’IB’ and ’OB’ describe spin-up, spring-back, inboard and outboard
load conditions, respectively.

It can be observed that, apart from the articulation mechanism, all primary structural components are
sized based on ground handling load cases, whereas for the validation gear models, this was only
true for the bogie and wheel axles. First, bogie articulation significantly reduces the landing loads
experienced by the gear. During landing, initially only the aft two wheels make contact with the ground,
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preventing simultaneous spin-up and spring-back of all wheels. In addition, by the time all wheels are
on the ground, the shock absorber is already partially compressed, reducing the leverage arm and
associated bending moments. Second, the generation of downforce comes with a significant increase
in gear loads during ground operations.

It must be noted that the FV-800 and FV-900 baseline concepts do not feature bogie articulation, making
the first argument invalid. Despite this, ground handling loads are still higher than the landing loads.
Naturally, the ground handling loads for the FV-800 and FV-900 are lower compared to those for the
FV-1000 due to the lower aircraft mass. Consequently, the landing gear, which is sized to handle the
FV-1000 ground handling load cases, is suitable for all aircraft in the family.

Areas with Specified Colors

None
LVL3 P1 SU
SSL 2 P1 IB
GRO 1
GRO 2 IB
BRR 3
BRR 4

Figure 5.16: FV-1000 baseline concept right main landing gear critical load cases.

Baseline concept sizing results are presented in Table 5.13, where l,ri, ro, t, A and m denote the
node-to-node member length, tube inner diameter, outer diameter, thickness, cross-sectional area and
mass, respectively. Dimensions shown in bold are fixed, based on either the piston diameter or wheel
rim diameter, as described in Section 3.5. The bogie and wheel axle outer diameters were initially sized
to 80% of the piston diameter and 25% of the wheel rim diameter, respectively, as discussed in Section
3.4.2. However, to accommodate the larger loads resulting from downforce generation, this sizing was
adjusted to 100% of the piston diameter and 40% of the wheel rim diameter, respectively. Additionally,
the diameter of the brace connecting the shock strut to the airframe (shock strut brace 3) is increased
to increase its resistance to buckling, as this brace is particularly long and therefore more susceptible
to buckling under compressive loading.

The resulting total finite element mass of a single FV-1000 main landing gear is 2519 kg. For the FV-
800 and FV-900, the combined mass of the articulation mechanism members is subtracted. The shock
strut cylinder stands out as the largest contributor, but the bogie beam, trunnions, fixed length shock
strut brace (shock strut brace 3) and wheel axles also make a significant contribution.

5.4. Gear Concept Variations
This section investigates several modifications to the FV-1000 baseline landing gear concept, contribut-
ing to the design exploration as discussed in Section 3.1. Modifications considered include substituting
the double folding strut with a single folding strut, transitioning from a 4-wheel to a 6-wheel bogie, and
eliminating both the articulation and strut shortening mechanisms. Additionally, the potential benefits
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Table 5.13: FV-1000 baseline concept right main landing gear structural member sizing.

Member Nodes l (m) ri (m) ro (m) t (m) A (m2) m (kg)
Upper strut trunnion D1-D2-O1-D3-D4 2.300 0.121 0.134 0.013 0.011 191.2
Drop link member 1 D2-D5 2.203 0.055 0.067 0.012 0.005 77.6
Drop link member 2 O1-D5 2.292 0.063 0.067 0.004 0.002 27.9
Drop link member 3 O1-D6 2.257 0.064 0.067 0.003 0.001 23.7
Drop link member 4 D3-D6 2.140 0.057 0.067 0.010 0.004 64.6
Drop link brace 1 C2-C4 2.201 0.064 0.067 0.003 0.001 23.1
Drop link brace 2 C1-C3 2.132 0.057 0.067 0.010 0.004 65.1
Shock strut trunnion D5-S1-O2-S3-D6 1.750 0.115 0.134 0.019 0.015 206.8
Shock strut cylinder O2-S4-S6-S7-S8 3.153 0.168 0.190 0.021 0.024 622.5
Shock strut piston S8-B1 1.9301,2 0.149 0.168 0.018 0.018 280.9
Shock strut brace 1 S1-S3 2.101 0.072 0.084 0.012 0.006 99.8
Shock strut brace 2 S2-S5 1.786 0.072 0.084 0.012 0.006 79.8
Shock strut brace 3 C5-C6 3.687 0.101 0.109 0.007 0.005 151.2
Bogie beam K-B2-L 2.020 0.151 0.168 0.017 0.017 275.3
Aft wheel axle KL-KR 1.620 0.102 0.117 0.015 0.010 132.2
Front wheel axle LL-LR 1.620 0.102 0.117 0.015 0.010 132.2
AM member 13 A1-A4 1.2721 0.039 0.050 0.011 0.003 30.8
AM member 23 A2-A3 1.1031 0.045 0.050 0.005 0.002 13.6
AM member 33 A5-A6 0.920 0.045 0.050 0.005 0.002 11.3
Shortening members - 0.500 0.042 0.050 0.009 0.003 9.8
Total - - - - - - 2519

1 Extended length plus a margin of 2.75 times the respective piston diameter (Section 3.4.2).
2 Includes the bogie pivot offset distance loffset is added here.
3 Articulation mechanism.

of folding the bogie backward rather than forward for stowage are explored. Each modification is evalu-
ated separately, with the baseline FV-1000 gear design serving as the starting point for each variation.
The five resulting concept variations are identified as shown in Table 5.14.

Table 5.14: Overview of FV-1000 landing gear concepts included in the design exploration.

Concept ID Description
BL Baseline concept
C1 Single folding strut concept
C2 6-wheel bogie concept
C3 Bogie articulation exclusion concept
C4 Strut shortening exclusion concept
C5 Backward stowage concept

5.4.1. Gear Model Generation
In this section, concept variation input adjustments, stick models, as well as their respective 3D models
are discussed. For each concept variation, the final design vector, constraint violations and stick model
results are outlined. Specifically, for the 6-wheel bogie concept, the flotation and tyre loading diagrams
are compared with the baseline configuration. This comparison is relevant only for this concept, as the
bogie and tyre sizing differ from the baseline, whereas for the other concepts, this remains unchanged.
No further examination of the turning radii is performed, as the strut locations virtually remain the same
compared to the baseline, resulting in similar turning radii.

An overview of design vector results, constraint activity, and results is presented in Tables 5.15, 5.16
and 5.17, respectively.
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Table 5.15: Flying-V concept variations stick model generation design vectors.

Variable Unit xlb x0 xub BL C1 C2 C3 C4 C5
xmlg - 0.00 0.50 1.00 0.61 0.81 0.63 0.61 0.59 0.96
ymlg - 0.00 0.50 1.00 0.55 0.43 0.56 0.55 0.56 0.34
xnlg - 0.00 0.50 1.00 0.55 0.55 0.51 0.67 0.56 0.55
lss m 1.00 2.00 6.00 3.55 4.76 3.48 4.03 3.34 3.54
θss,ext

◦ -4.00 -2.00 0.00 -4.00 -4.00 -4.00 -4.00 -4.00 -4.00
ψmlg,ret

◦ 0 20.0 45.00 14.4 17.8 21.1 14.5 15.8 10.0
θus,ext

◦ -24.0 -22.0 -20.0 -24.0 N.A. -24.0 -24.0 -24.0 16.0
ϕus,ext

◦ 0.00 0.00 0.00 0.00 N.A. 0.00 0.00 0.00 0.00
θbogie

◦ 0.00 0.00 25.0 25.0 25.0 18.1 N.A. 25.0 25.0
β̂nlg,min - 0.04 0.10 0.20 0.07 0.07 0.07 0.08 0.07 0.7
β̂nlg,max - 0.04 0.10 0.20 0.18 0.18 0.18 0.19 0.18 0.18

Table 5.16: Flying-V concept variations stick model generation constraint activity.

Constraint BL C1 C2 C3 C4 C5
Long. stab. - minimum nlg load Inactive Inactive Inactive Inactive Inactive Inactive
Long. stab. - maximum nlg load Inactive Inactive Inactive Inactive Inactive Inactive
Long. stab. - rotated tipover Active Active Active Active Active Active
Long. stab. - push-back tipover Inactive Inactive Inactive Inactive Inactive Inactive
Lat. stab. - lateral turnover Inactive Inactive Inactive Inactive Inactive Inactive
Ground clearance - stat. SA Inactive Inactive Active Inactive Inactive Inactive
Ground clearance - ext. SA Active Active Active Active Active Active
Integration - nlg stowage Active Active Active Active Active Active
Integration - mlg stowage Active Active Active Active Active Inactive
Ground man. - TDG Active Active Active Active Active Active
Ground man. - 180◦ turn Inactive Inactive Inactive Inactive Inactive Inactive

Table 5.17: Flying-V concept variations stick model results.

Item Unit BL C1 C2 C3 C4 C5
Xmlg m 31.6 32.4 31.7 31.6 31.5 33.0
Ymlg m 6.08 6.08 6.17 6.08 6.08 6.08
lmlg,static m 5.71 4.81 5.41 6.51 5.79 5.50
lmlg,extended m 6.38 5.48 6.24 7.02 6.45 6.17
Xnlg m 6.15 6.15 5.91 6.80 6.16 6.15
lnlg,static m 3.38 3.37 3.12 4.08 3.38 3.38
lnlg,extended m 3.83 3.83 3.57 4.52 3.83 3.83
θtpb

◦ 18.1 18.1 18.4 17.8 18.1 18.1
ψtno

◦ 49.0 49.0 47.6 52.3 49.0 49.0
ϕmax

◦ 8.0 8.0 8.0 8.0 8.0 8.0
θmax,statSA

◦ 10.5 10.5 9.9 12.4 10.5 10.5
θmax,extSA

◦ 14.0 14.0 14.0 14.0 14.0 14.0
βnlg,aftCG - 0.070 0.070 0.068 0.078 0.070 0.070
βnlg,fwdCG - 0.183 0.183 0.180 0.193 0.183 0.183
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Single Folding Strut Concept
Baseline design input adjustments for the single folding strut concept are outlined in Table 5.18. For
the double folding strut, the upper strut had to be attached above the (horizontal) retracted shock strut
to prevent collision between components. This is not needed for single folding strut, and therefore, the
gear attachment could be moved down. This leads to a shorter gear, and ensures that the bogie can
be stowed beneath the upper wing surface. The single folding strut is represented by strut ’Concept A’,
as illustrated in Figure 3.8. Parameters related to the upper strut are no longer needed. All other input
parameters and design variable bounds remain consistent with those specified for the baseline design.

Table 5.18: Concept variation input adjustments - single folding strut concept (C1).

Item Unit Format Baseline Concept C1
MDSA m (x, y, z) (29.2, 3.17, -0.25) (29.2, 3.17, -0.97)
MDSB m (x, y, z) (33.2, 5.10, -0.25) (33.2, 5.10, -0.97)
MDSC m (x, y, z) (29.2, 6.32, -0.25) (29.2, 6.32, -0.97)
MDSD m (x, y, z) (33.2, 8.25, -0.25) (33.2, 8.25, -0.97)
Strut - - Concept B Concept A
lus m - 2.04 N.A.
θus,ext

◦ xlb ≤ x0 ≤ xub -24.0 ≤ -22.0 ≤ -20.0 N.A.
ϕus,ext

◦ xlb ≤ x0 ≤ xub 0.0 ≤ 5.0 ≤ 10.0 N.A.
θus,ret

◦ - 72.0 N.A.
ϕus,ret

◦ - -10.0 N.A.

The FV-1000 single folding strut stick model is illustrated in Figure 5.17. Compared to the baseline
gear, the gear attachment is positioned further aft. This can be explained by the removal of the upper
strut, which possesses a large rake angle. In order to have the same ground contact point locations,
the gear attachment has to be moved aft. Although, naturally, the shock strut length is increased, the
total gear length is reduced, which is primarily caused by the lower attachment height. Performance
parameters concerning stability, clearance angles, and nose gear load fractions, as well as the nose
gear sizing itself, remain consistent with the baseline design.

However, comparing the gear stick models of the single folding strut concept (Figure 5.17) with the
baseline concept (Figure 5.2), it can be observed that the retracted gear is significantly wider. Assuming
a similar attachment structure width, the single folding strut requires a fairing that is roughly 1.1 m wider
than the baseline design fairing, compromising aerodynamic efficiency. Moreover, the gear occupies a
significant portion of the area inboard of the rear spar, reducing the available fuel tank volume.

To further understand the drawbacks of implementing a single folding strut, stick models are also gen-
erated for the FV-800. Figure 5.18 illustrates the FV-800 gear stick model, sized for the FV-1000 but
without bogie articulation, following the baseline concept design philosophy. It is found that when re-
tracted, the tyres are only 1.0 m away from the aircraft centreline (compared to 2.1 m for the baseline
design), which is significantly less than anticipated by Oosterom [10]. When mounting the engines
on top of the landing gear fairing, this implies that engines would have to be mounted very close to
each other. Relatively, the gear takes up an even larger portion of the area inboard of the rear spar,
compared to the FV-1000. In addition, retraction feasibility is questionable for the FV-800. As can be
observed in the baseline gear retraction path visualisation in Figure 5.15, the retraction path extends
significantly further inboard than the final retracted position. For a single folding strut, this phenomenon
is pronounced, as there is no upper strut to simultaneously move the shock strut pivot axis outboard.
Therefore, for the FV-800, the left and right landing gear are likely to collide when retracted simultane-
ously.

For completeness, another FV-800 stick model is generated, but now specifically sized for the FV-800,
not adhering to the design commonality principle. The resulting stick model is illustrated in Figure 5.19.
Although tyres are now 1.8 m away from the aircraft centreline, the distance is still smaller than for
the baseline design. Also the fairing width can be reduced, but is still needs to be 0.4 larger than that
of baseline concept. Still, the retraction feasibility remains questionable. This comes at the expense
of having no structural commonality in the gear, as well as the aircraft attachment structure (slightly
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different folding angle) and fairing.

In summary, the single folding strut has significant drawbacks. The increased fairing width, reduced
fuel tank volume, and family design challenges make the concept infeasible for the Flying-V. Therefore,
further exploration of this concept is discontinued.

Top view Front view

Side view

Figure 5.17: FV-1000 single folding strut concept landing gear stick model.

Top view Front view

Side view

Figure 5.18: FV-800 single folding strut concept landing gear stick model. Gear sized for FV-1000 (maximum commonality).

6-Wheel Bogie Concept
Input adjustments for the 6-wheel bogie concept are outlined in Table 5.18. Compared to the baseline
concept, the total number of main gear wheels is increased from 8 to 12. The bogie width, length
and tyre selection are aligned with the A350-1000. The gear attachment is lowered to ensure the tyres
remain beneath the upper wing surface when retracted. Despite the bogie being narrower, the increase
in bogie length causes the aft tyres to be situated closer to the trailing edge, where the upper wing
surface is lower. Additionally, the upper strut length is decreased to prevent collision during retraction.
As can be observed in Figure 5.15, an increase in bogie length would otherwise cause the gear to collide
with the upper strut trunnion when retracted. Reducing the upper strut length effectively positions the
retracted bogie further forward.

The FV-1000 6-wheel bogie concept landing gear stick model is illustrated in Figure 5.20, with design
vector results, constraint activity, and stick model results outlined in Tables 5.15, 5.16 and 5.17, re-
spectively. Compared to the baseline concept, the reduced bogie width results in the main gear being
positioned slightly further outboard. Together with bogie articulation being more effective due to the in-
creased bogie length, this resulted in a shorter main gear. Consequently, also the nose gear is shorter,



100 Chapter 5. Flying-V Implementation

Top view Front view

Side view

Figure 5.19: FV-800 single folding strut concept landing gear stick model. Gear sized for FV-800 (maximum optimality).

Table 5.19: Concept variation input adjustments - 6-wheel bogie concept (C2).

Item Unit Format Baseline Concept C2
MDSA m (x, y, z) (29.2, 3.17, -0.25) (29.2, 3.17, -0.30)
MDSB m (x, y, z) (33.2, 5.10, -0.25) (33.2, 5.10, -0.30)
MDSC m (x, y, z) (29.2, 6.32, -0.25) (29.2, 6.32, -0.30)
MDSD m (x, y, z) (33.2, 8.25, -0.25) (33.2, 8.25, -0.30)
lus m - 2.10 1.92
Nmlg,w - - 8 12
lbogie m - 2.02 2.80
wbogie m - 1.62 1.47
Tyremlg - - 1400x530R23 (42 ply) 50x20R22 (32 ply)

which could therefore be positioned further forward, resulting in a smaller nose gear load fraction. The
shorter gears lower the static height of the centre of gravity, which enhances lateral stability as indicated
by the lateral turnover angle ψtno.

It must be noted that, contrary to the other concepts, both the static and extended shock absorber
ground clearance constraints are active, and that the articulation angle is only 18.1◦, whereas 25◦ is
permitted. This indicates that for the 6-wheel bogie, articulation is so effective that the gear length could
be decreased to what is necessary for static ground clearance. The 18.1◦ articulation angle is already
sufficient to meet the extended shock absorber ground clearance requirement. A larger angle would
result in a longer extended shock absorber gear length, increasing gear mass.

The corresponding 6-wheel bogie tyre loading diagram is shown in Figure 5.21. It can be observed
that the nose gear load has been decreased slightly compared to the baseline concept, which can be
explained by the nose gear being positioned slightly further forward. Although this results in a larger
main gear load fraction, this is more than compensated for by the increase in number of tyres, which
have a greater combined load rating. It must be noted that, contrary to the baseline concept, the 6-
wheel bogie concept supports a larger main gear load fraction (e.g., more downforce) with the added
possibility to upgrade the tyre selection if necessary.

Aircraft Classification Ratings (ACR) for the 6-wheel bogie concept (C2), baseline concept (BL) and
A350-900 are outlined in Table 5.20. Values are obtained using the ICAO-ACR tool [47]. Comparing
the numbers, it can be concluded that the 6-wheel bogie concept exhibits significantly better flotation
performance compared to both the baseline concept and A350-900. As for the baseline results in
Table 5.11, it must be noted that these numbers are based on static loads without considering the ef-
fect of downforce generation. The table shows that baseline concept results are very close to those
of the A350-900, while the 6-wheel bogie concept has some margin, suggesting that the latter is bet-
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Top view Front view

Side view

Figure 5.20: FV-1000 6-wheel bogie concept (C2) landing gear stick model. Only shows front and rear main gear tyres.

Figure 5.21: FV-1000 6-wheel bogie concept (C2) gear loading diagram.

ter equipped to handle additional loads from downforce generation without leading to unsatisfactory
flotation performance.

Table 5.20: FV-1000 6-wheel bogie concept (C2) flotation (ACR) comparison, obtained using the ICAO-ACR tool [47].

Subgrade
category

Flexible ACR Rigid ACR
A350-900 BL C2 A350-900 BL C2

D 884 868 719 1031 1003 891
C 742 723 509 918 894 752
B 692 670 451 825 803 631
A 680 655 432 729 708 503
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Upper strut and shock strut folding axis orientations v̂1 and v̂2 corresponding to the 6-wheel bogie
concept are specified in Equation 5.2.

v̂1 =

 0.32
−0.92
0.24

 , v̂2 =

 0.73
−0.62
0.29

 (5.2)

Figures 5.22a and 5.22b illustrate the 6-wheel bogie concept 3D gear model, along with the correspond-
ing refined stick model (in orange) used for structural analysis. Node locations are outlined in Table
D.4 in Appendix D, and are defined similar to Figure 5.14, only with four additional nodes represent-
ing the centre wheel axle and tyres. The retraction path is very similar to the baseline concept, and
is illustrated in Figure D.4. Compared to the baseline, apart from inherent changes due to the stick
model and the added wheel axle, several modifications are made. Bogie articulation linkages need to
be longer to facilitate ’flat-packing’ of the longer bogie. In addition, braces are repositioned to account
for the different folding angles and stick model adjustments.

Notably, the fixed length brace supporting the shock strut is attached further forward, providing more
lateral but less longitudinal (drag) support to the gear. This repositioning is a natural effect of the shorter
gear. Because the brace length is fixed, and the brace to gear joint location is determined by both the
extended and retracted positions of the shock strut, the brace cannot be placed freely. A shorter gear
reduces the required brace length, inherently necessitating it to be attached further forward.

(a) Left isometric view. (b) Right isometric view.

Figure 5.22: FV-1000 6-wheel bogie concept (C2) right main landing gear 3D model and refined stick model in orange.

Bogie Articulation Exclusion Concept
Table 5.21 outlines the baseline design input adjustments to develop a FV-1000 landing gear config-
uration without an articulation mechanism (concept C3). The bogie articulation feature is removed,
and associated parameters are no longer applicable. To address the subsequent increase in shock
strut length, the upper strut length is extended to use the full potential of the double folding strut in
terms of stowage. Because the upper strut is raked down in the retracted position, the extension of
the upper strut results in the retracted bogie being situated lower than in the baseline configuration.
Consequently, the attachment point is repositioned upwards to maintain the aerodynamically efficient
placement of the stowed bogie just below the upper wing surface.

The resulting FV-1000 stick model is illustrated in Figure 5.23. Design vector results, constraint activity
and stick model results are detailed in Tables 5.15, 5.16 and 5.17, respectively. Comparing the results
of concept C3 with the baseline, it is found that excluding the articulation mechanism necessitates a
significant increase in gear length (0.6 m for the extended gear). This increase is primarily due to the
absence of bogie leverage when the shock absorber extends. The difference in static gear length is
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Table 5.21: Concept variation input adjustments - bogie articulation exclusion concept (C3).

Item Unit Format Baseline Concept C3
MDSA m (x, y, z) (29.2, 3.17, -0.25) (29.2, 3.17, -0.20)
MDSB m (x, y, z) (33.2, 5.10, -0.25) (33.2, 5.10, -0.20)
MDSC m (x, y, z) (29.2, 6.32, -0.25) (29.2, 6.32, -0.20)
MDSD m (x, y, z) (33.2, 8.25, -0.25) (33.2, 8.25, -0.20)
lus m - 2.10 2.44
Articulation - Boolean True False
λmlg,art - - 0.35 N.A.
θbogie

◦ xlb ≤ x0 ≤ xub 0.00 ≤ 0.00 ≤ 25.0 N.A.
lx,pivot m - 0.22 N.A.
lz,pivot m - 0.26 N.A.
lmargin,art m - 0.10 N.A.

even more pronounced. The absence of articulation allows the shock absorber to sustain a higher
reaction force throughout its stroke, thereby reducing the total SA stroke length. Although this shorter
stroke benefits the overall length of the shock absorber piston, it ultimately results in an increased
static gear length because the gear must be designed to maintain the required ground clearance in its
extended state. Having a longer static gear length, concept C3 inherently features a larger static shock
absorber ground clearance angle θmax,statSA.

To still obtain a −3◦ static attitude, also the nose gear length is increased, which necessitates repo-
sitioning it further aft to ensure sufficient clearance from the front pressure bulkhead. The increased
static height of the aircraft centre of gravity reduces lateral and longitudinal stability, as displayed by
the lateral turnover angle θtpb and tipover angle ψtno.

Top view Front view

Side view

Figure 5.23: FV-1000 bogie articulation exclusion concept (C3) landing gear stick model.

Unit vectors v̂1 and v̂2, which define the orientations of the upper strut and shock strut in concept C3,
are presented in Equation 5.3. Since concept C3 shares nearly identical gear folding angles with the
baseline concept, folding axis orientations are effectively the same.

v̂1 =

 0.28
−0.95
0.14

 , v̂2 =

 0.73
−0.62
0.30

 (5.3)

The bogie articulation exclusion concept 3D gear model is displayed in Figures 5.24a and 5.24b. Based
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on the 3D model, the stick model is refined. This is depicted in orange. Node specifications and
retraction kinematics are detailed in Table D.5 and Figure D.5, respectively, in Appendix D. Similar to
the other concepts, braces are repositioned to match the upper strut and shock strut dimensions. The
bogie articulation mechanism is removed from the model.

(a) Left isometric view. (b) Right isometric view.

Figure 5.24: FV-1000 bogie articulation exclusion concept (C3) right main landing gear 3D model and refined stick model in
orange.

Strut Shortening Exclusion Concept
Baseline concept input parameters are adjusted to eliminate the strut shortening mechanism, as out-
lined in Table 5.22. The shock strut is no longer shortened during retraction, requiring an increase in
upper strut length to maintain an efficient and feasible stowed bogie position. Because the upper strut
is raked down in the retracted position, this increase in length results in the bogie being positioned
lower when folded. To address this, the attachment height is increased, ensuring that the tyres retain
a consistent location beneath the upper wing surface compared to the baseline design.

Table 5.22: Concept variation input adjustments - strut shortening exclusion concept (C4).

Item Unit Format Baseline Concept C4
MDSA m (x, y, z) (29.2, 3.17, -0.25) (29.2, 3.17, -0.20)
MDSB m (x, y, z) (33.2, 5.10, -0.25) (33.2, 5.10, -0.20)
MDSC m (x, y, z) (29.2, 6.32, -0.25) (29.2, 6.32, -0.20)
MDSD m (x, y, z) (33.2, 8.25, -0.25) (33.2, 8.25, -0.20)
lus m - 2.10 2.40
Shortening - Boolean True False
lshortening m - 0.50 N.A.

The stick model corresponding to the shortening exclusion concept (concept C4) is illustrated in Figure
5.25. Similar to the other concepts, design vector results, constraint activity and stick model results are
outlined in Tables 5.15, 5.16 and 5.17, respectively. Fundamentally, the extended gear stick model is
very similar to the baseline concept. Effectively, the concept only significantly deviates from the baseline
when it comes to the upper strut and shock strut lengths. Notably, the shock strut is shortened to
compensate for the lack of strut shortening and increase in upper strut length, maintaining a consistent
stowed bogie position. Because the upper strut has a larger rake angle compared to the shock strut,
this also results in a slight deviation when it comes to the attachment position and the total gear length,
maintaining the same ground contact points.

Concept C4 upper strut and shock strut folding axis orientation vectors v̂1 and v̂2, are specified in
Equation 5.4.
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Top view Front view

Side view

Figure 5.25: FV-1000 strut shortening exclusion concept (C4) landing gear stick model.

v̂1 =

 0.29
−0.94
0.17

 , v̂2 =

 0.73
−0.62
0.30

 (5.4)

Figure 5.26 illustrates the resulting 3D gear model and refined stick model in orange. Compared to
the baseline, braces are repositioned to accommodate the longer upper strut, shorter shock strut and
slightly different folding angles. Without strut shortening, the articulation mechanism linkages need to
be longer to be able to achieve the desired retracted bogie position. Concept C4 kinematics and node
specifications are outlined in Figure D.6 and Table D.6, respectively, in Appendix D.

(a) Left isometric view. (b) Right isometric view.

Figure 5.26: FV-1000 strut shortening exclusion concept (C4) right main landing gear 3D model and refined stick model in
orange.

Backward Stowage Concept
Table 5.23 presents baseline concept input adjustments to obtain the backward stowage gear concept.
Instead of having the upper strut fold backward, and the shock strut and bogie fold forward, the upper
strut now folds forward, and the shock strut and bogie fold backward. This is represented by the
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retracted gear orientation angles θss,ret and θus,ret. Consequently, the drop-link arrangement is reversed,
with the upper strut now raked forward instead of backward. The design variable range is adjusted such
that the optimiser can keep a 20◦ difference between the shock strut and upper strut, as for the baseline
concept.

The baseline design optimisation function includes the objective to minimise the distance between the
main gear tyres and rear spar. For the backward stowage concept, this specific objective is disregarded,
as this would result in the optimiser maximising the retracted gear angle ψmlg,ret (Figure 3.9c), thereby
requiring a wide fairing for stowage, which is undesirable. Instead, ψmlg,ret is limited to 10◦, ensuring
compact but feasible stowage. The upper strut length and attachment height are adjusted to keep the
tyres clear from the upper strut trunnion and upper wing surface, respectively.

Table 5.23: Concept variation input adjustments - backward stowage concept (C5).

Item Unit Format Baseline Concept C5
MDSA m (x, y, z) (29.2, 3.17, -0.25) (29.2, 3.17, -0.35)
MDSB m (x, y, z) (33.2, 5.10, -0.25) (33.2, 5.10, -0.35)
MDSC m (x, y, z) (29.2, 6.32, -0.25) (29.2, 6.32, -0.35)
MDSD m (x, y, z) (33.2, 8.25, -0.25) (33.2, 8.25, -0.35)
θss,ret

◦ - 90.0 -90.0
ψmlg,ret

◦ xlb ≤ x0 ≤ xub 0.0 ≤ 20.0 ≤ 45.0 0.0 ≤ 0.0 ≤ 10.0
lus m - 2.10 1.90
θus,ext

◦ xlb ≤ x0 ≤ xub -24.0 ≤ -22.0 ≤ -20.0 16.0 ≤ 18.0 ≤ 20.0
θus,ret

◦ - -70.0 70.0

The resulting landing gear stick model is illustrated in Figure 5.27. The design vector, constraint ac-
tivity and stick model results are outlined in Tables 5.15, 5.16 and 5.17, respectively. Logically, the
ground contact point locations remain unchanged, which can be observed from the taxiway design
group constraint activity, and nose gear and stability results. As the upper strut is reversed, this can
only be achieved by moving the gear attachment further aft and further inboard relative to the rear spar.
Compared to the baseline, the gear is slightly shorter, which can be attributed to the reduced upper
strut length. Since the bogie now points aft when retracted, the lateral location of the retracted gear is
no longer limited by the rear spar. Other backward stowage gear concept results are very similar to
baseline.

Top view Front view

Side view

Figure 5.27: FV-1000 backward stowage concept (C5) landing gear stick model.

Folding axis orientations are described by Equation 5.5. The 3D gear model and subsequent refined
stick model are shown in Figure 5.28, and retraction kinematics are illustrated in Figure 5.29. Refined
stick model node specifications are outlined in Table D.7 in Appendix D.
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The bogie articulation mechanism needs to facilitate bogie articulation as well as ’flat-packing’ for
stowage. For articulation, the mechanism needs to ’pull-up’ the leading side of the bogie, while for
stowage, this leading side needs to be ’pushed down’ to align the bogie with the strut as illustrated in
Figure 5.29. In order to have enough room for the mechanism itself, it needs to be placed on the ex-
terior (obtuse) side of the bogie-strut connection. Contrary to the baseline concept, where the leading
side of the bogie becomes the obtuse angle side upon retraction, for the reverse stowage concept, this
becomes the acute angle side this, as can be observed when comparing the right bottom images in
Figures 5.15 and 5.29. Practically, this implies that the bogie orientation needs to be reversed upon re-
traction, such that the leading side of the bogie in extended position becomes the trailing side when the
gear is retracted. Consequently, the folding axes are oriented more aggressively relative to each other
compared to the baseline configuration, which can be observed in the Figures. Braces are repositioned
accordingly.

v̂1 =

0.09
0.94
0.34

 , v̂2 =

 0.78
0.59
−0.19

 (5.5)

(a) Left isometric view. (b) Right isometric view.

Figure 5.28: FV-1000 reverse stowage concept (C5) right main landing gear 3D model and refined stick model in orange.

A side effect of reversing the bogie orientation direction is that the gear swings further inboard compared
to the baseline. Although this does not present any issues for the FV-1000 and FV-900 models, for the
FV-800, to prevent the left and right gears from colliding when retracting simultaneously, a significant
portion of strut shortening and bogie folding must occur before the bogie reaches its most inboard
position.

5.4.2. Structural Sizing
In this section, the structural sizing of the Flying-V baseline gear concept variations is discussed. Struc-
tural sizing is conducted for all concept variations except the single folding strut concept. Each gear
model is subjected to the same load cases (Table 2.2) and boundary conditions as the baseline gear
model (Table 5.12). A detailed description of the load cases can be found in Table A.1 in Appendix A.

Final structural sizing results are outlined in Table 5.24. An overview of external main gear loads,
critical load cases, and detailed structural sizing results for each member can be found in Appendix
D.2.2 for each concept. As for the baseline concept, most structural members are sized by ground
handling load cases, which pose significant loads to the structure due to downforce generation. For
all concepts, external loads are virtually the same. Interestingly, however, the differences in structural
mass between landing gear concepts are significant.



108 Chapter 5. Flying-V Implementation

Figure 5.29: FV-1000 main landing gear reverse stowage concept (C5) retraction kinematics, left view, back view and top view.

6-Wheel Bogie Concept
A comparison of 6-wheel bogie concept and baseline concept structural sizing results (Table 5.24)
reveals that the structural mass of the 6-wheel bogie concept is higher. Naturally, the distribution of
loads over a larger number of tyres results in lighter wheel axles; however, the bogie beam is heavier
due to the additional length required to accommodate the third wheel axle. Furthermore, the increased
articulation and bogie folding stroke necessitates a longer shock strut piston and extended articulation
mechanism members, which also contribute to the increased mass.

Notably, a significant increase in trunnionmass can be observed. Compared to the baseline, the shorter
gear requires the fixed length brace connecting the shock strut to the airframe to be attached further
forward, providing less support to the gear in longitudinal (drag) direction. Consequently, drag loads,
more specifically braking loads and spin-up loads, induce larger reaction loads in the total landing
gear structure, most prominently increasing the required wall-thickness of the trunnions. It must be
noted that constant wall-thickness is assumed, and that the load increase in the trunnions is only local,
suggesting potential for optimisation if variable wall thickness were considered.

Bogie Articulation Exclusion Concept
Structural analysis of concept C3 reveals that removing the articulation mechanism leads to an increase
in landing gear primary structure mass. Although the mass of the mechanism itself is eliminated and
the shock absorber stroke and associated piston length is reduced, the gear strut needs to be consid-
erably longer. Consequently, the mass of drop link assembly members and the shock strut cylinder is
increased. In addition, a longer gear imposes greater leverage for drag and side loads, requiring the
trunnions and braces to support higher reaction loads, resulting in greater mass. Notably, the mass of
the fixed-length brace connecting the shock strut to the airframe (shock strut brace 3) increases sub-
stantially. This is due to the brace having to be longer to connect to the extended landing gear, which
naturally increases the material volume while also making it more susceptible to buckling.
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Table 5.24: FV-1000 concept variations structural member sizing results. Nodes are defined as illustrated in Figure 5.14.

Member Nodes BL (kg) C2 (kg) C3 (kg) C4 (kg) C5 (kg)
Upper strut trunnion D1-D2-O1-D3-D4 191.2 250.7 201.8 181.0 319.8
Drop link member 1 D2-D5 77.6 78.9 117.0 93.6 89.5
Drop link member 2 O1-D5 27.9 29.7 46.8 40.1 38.3
Drop link member 3 O1-D6 23.7 21.3 27.1 26.7 42.6
Drop link member 4 D3-D6 64.6 84.0 66.4 44.3 54.7
Drop link brace 1 C2-C4 23.1 23.0 24.8 23.6 82.3
Drop link brace 2 C1-C3 65.1 62.9 89.2 70.5 37.3
Shock strut trunnion D5-S1-O2-S3-D6 206.8 250.4 220.4 196.4 289.2
Shock strut cylinder O2-S4-S6-S7-S8 622.5 658.0 775.6 551.9 710.2
Shock strut piston S8-B1 280.9 313.8 254.0 279.5 283.0
Shock strut brace 1 S1-S3 99.8 90.1 115.0 87.0 114.3
Shock strut brace 2 S2-S5 79.8 110.6 96.6 54.0 67.3
Shock strut brace 3 C5-C6 151.2 128.9 283.6 167.3 108.2
Bogie beam K-B2-L 275.3 344.7 270.9 275.3 275.5
Aft wheel axle KL-KR 132.2 73.5 130.8 131.4 131.6
Centre wheel axle PL-PR - 73.5 - - -
Front wheel axle LL-LR 132.2 73.5 130.8 131.3 131.6
AM member 11 A1-A4 30.8 54.0 - 51.1 32.1
AM member 21 A2-A3 13.6 19.2 - 28.4 14.0
AM member 31 A5-A6 11.3 11.1 - 13.7 11.0
Shortening members - 9.8 9.8 9.7 - 9.8
Total - 2519 2762 2861 2447 2843

1 Articulation mechanism.

Strut Shortening Exclusion Concept
When the strut shortening mechanism is removed, it leads to a reduction in structural gear mass. While
the elimination of the shortening mechanism contributes to this mass reduction, it is not the primary
factor. With the removal of the mechanism, the upper strut length is increased to accommodate the
longer extended shock strut in the stowed position. However, since the gear does not need to be longer
in the extended position, the shock strut length is reduced. The longer upper strut assembly members
(drop link members and braces), result in a slight mass increase but this is outweighed by the significant
reduction in the mass of the shock strut cylinder.

Backward Stowage Concept
The backward stowage concept is significantly heavier than the baseline concept. For all other con-
cepts, the fixed-length brace connecting the shock strut to the airframe is subjected to compressive
stress during braking. Although this results in slightly higher brace mass due to buckling criteria, this
compressive force relieves the upward reaction load (compressive stress) and resulting bending mo-
ments in the shock strut, upper strut assembly, and trunnions, overall leading to a reduction in mass.
In contrast, backward stowage requires the mounting direction of the fixed length brace connecting the
shock strut to the airframe to be inverted, causing braking loads to induce tensile stress rather than
compressive stress within the brace. Although this is favourable for the mass of the brace itself, as
it is no longer sized by buckling, the tensile stress induces additional compressive stress and internal
bending moments in the shock strut, upper strut assembly, and trunnions, resulting in higher overall
mass.

5.5. Family Design
The baseline gear concept is based on maximum commonality between the Flying-V family members,
with the FV-800 and FV-900 landing gear structural sizing and integration being based on the require-
ments of the FV-1000. Although commonality is favourable for aircraft viability, it is expected to com-
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promise FV-800 and FV-900 performance in terms of mass, stowage or even feasibility. In this section,
dedicated landing gear concepts for the FV-800 and FV-900 are presented. Being specifically sized
and optimised for each aircraft, this allows for the evaluation of the benefits of using dedicated gear for
each family member.

5.5.1. Gear Model Generation
Dedicated FV-800 and FV-900 gear models are presented in this section. For both aircraft, single
optimisation (SO) input adjustments are outlined, followed by stick model and 3D gear model results.
Because single optimisation might impose different gear locations and tyre loads, tyre loading diagrams,
flotation comparisons and turning radii are also discussed.

FV-800
Single optimisation input adjustments for the FV-800 are detailed in Table 5.28. The bogie size is
reduced to better match the lower mass of the aircraft. The adjusted bogie length lbogie and wbogie are
similar to the Boeing 767-300, which has a comparable maximum take-off mass [62]. Only the width
is increased slightly to accommodate room for the shock strut support brace when the bogie is folded.
The main gear tyre selection is still similar to the baseline FV-800 concept, however, the nose gear
tyres are aligned with the lower nose gear load fraction.

With the main gear width no longer constrained by taxiway design group limitations, the optimiser would
normally position the gear as far outboard as possible to achieve a shorter gear. However, this results
in significant inboard rotation of the gear during retraction to maintain clearance from the rear spar,
increasing the stowed gear width and necessitating a wider, less aerodynamic fairing. To prevent this,
the strut folding angle ψmlg,ret is limited to 14.4◦ (baseline result), which slightly increases gear length
but significantly reduces the fairing width requirement.

Compared to the FV-800 baseline gear, the optimised gear includes bogie articulation. The articu-
lated gear (phase 1) reaction factor has been adjusted to maximise energy absorption during the de-
articulation phase while maintaining sufficient margin to ensure that all wheels contact the ground when
the aircraft is at its minimum possible mass. The strut shortening amount has been set to 0.5 m, similar
to that of the A330-300 and FV-1000.

The upper strut length and attachment height have been adjusted to optimise the position of the tyres
relative to the upper strut trunnion and upper wing surface, respectively.

The FV-800 single optimisation landing gear stick model is illustrated in Figure 5.30. The final design
vector, constraint activity and stick model results are outlined in Tables 5.25, 5.26 and 5.27, respectively.
Compared to the FV-800 baseline gear design, the main gear and nose gear are significantly shorter.
Consequently, the single optimisation gear offers a lower aircraft centre of gravity, hence improved
lateral stability as reflected by the lateral turnover angle ψtno. In addition, because the nose gear is
shorter, it could be moved further forward, reducing the nose gear load fraction. A lower nose gear
load fraction results in lower nose gear loads, allowing for a different tyre selection. The updated tyre
loading diagram is shown in Figure D.7 in Appendix D.

Turning radii are shown in Figure D.8. Compared to the FV-800 baseline gear design, the longer
wheelbase shifts the turning centre outward, leading to an increase in all turning radii. However, relative
to the wing tip, however, this change is only marginal, and consequently, the wing tip turning radius,
which poses the greatest limitation, is very similar to the baseline.

Single optimisation gear design Aircraft Classification Ratings (ACR) are compared with the baseline
and A350-900 in Table 5.29. The higher main gear load fraction and smaller bogie result in a slightly
worse flotation performance compared to the baseline configuration. However, it is important to note
that the design still performs significantly better than the A350-900. As with other flotation analyses
presented in this study, these results are based on static load assumptions, which do not take into
account dynamic factors such as downforce generation after touchdown or during a rejected take-off.

Upper strut and shock strut folding axis orientations are given by unit vectors v̂1 and v̂1, respectively, in
Equation 5.6. The FV-800 single optimisation folding angles are similar to the baseline, and therefore,
have similar folding axis orientations.
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Table 5.25: Flying-V family baseline (BL) and single optimisation (SO) gear concept stick model generation design vectors.

Variable Unit xlb x0 xub FV-800 BL FV-800 SO FV-900 BL FV-900 SO
xmlg - 0.00 0.50 1.00 0.61 0.60 0.61 0.61
ymlg - 0.00 0.50 1.00 0.55 0.64 0.55 0.56
xnlg - 0.00 0.50 1.00 0.60 0.43 0.57 0.48
lss m 1.00 2.00 6.00 3.55 2.97 3.55 3.27
θss,ext

◦ -4.00 -2.00 0.00 -4.00 -4.00 -4.00 -4.00
ψmlg,ret

◦ 0 20.0 45.00 14.4 14.4 14.4 14.4
θus,ext

◦ -24.0 -22.0 -20.0 -24.0 -24.0 -24.0 -24.0
ϕus,ext

◦ 0.00 0.00 0.00 0.00 0.00 0.00 0.00
θbogie

◦ 0.00 0.00 25.0 N.A. 25.0 N.A. 25.0
β̂nlg,min - 0.04 0.10 0.20 0.09 0.07 0.08 0.07
β̂nlg,max - 0.04 0.10 0.20 0.21 0.19 0.18 0.17

Table 5.26: Flying-V family baseline (BL) and single optimisation (SO) gear stick model generation constraint activity.

Constraint FV-800 BL FV-800 SO FV-900 BL FV-900 SO
Long. stab. - minimum nlg load Inactive Inactive Inactive Inactive
Long. stab. - maximum nlg load Violated Inactive Inactive Inactive
Long. stab. - rotated tipover Inactive Active Inactive Active
Long. stab. - push-back tipover Inactive Inactive Inactive Inactive
Lat. stab. - lateral turnover Inactive Inactive Inactive Inactive
Ground clearance - stat. SA Inactive Inactive Inactive Inactive
Ground clearance - ext. SA Inactive Active Violated Active
Integration - nlg stowage Active Active Active Active
Integration - mlg stowage Active Active Active Active
Ground man. - TDG Inactive Inactive Inactive Inactive
Ground man. - 180◦ turn Inactive Inactive Inactive Inactive

Table 5.27: Flying-V family baseline (BL) and single optimisation (SO) gear concept stick model results.

Item Unit FV-800 BL FV-800 SO FV-900 BL FV-900 SO
Xmlg m 26.3 26.2 29.2 29.1
Ymlg m 3.52 3.79 4.90 4.93
lmlg,static m 5.70 4.69 5.70 5.14
lmlg,extended m 6.22 5.21 6.22 5.80
Xnlg m 6.40 5.45 6.26 5.74
lnlg,static m 3.64 2.64 3.50 2.93
lnlg,extended m 4.09 3.09 3.95 3.39
θtpb

◦ 18.1 18.1 18.1 18.2
ψtno

◦ 61.6 55.6 54.1 51.5
ϕmax

◦ 8.0 8.0 8.0 8.0
θmax,statSA

◦ 13.9 10.8 11.9 10.4
θmax,extSA

◦ 16.0 14.0 13.7 14.0
βnlg,aftCG - 0.088 0.070 0.077 0.069
βnlg,fwdCG - 0.207 0.185 0.181 0.171
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Table 5.28: FV-800 single optimisation (SO) input adjustments.

Item Unit Format FV-800 BL FV-800 SO
MDSA m (x, y, z) (23.8, 0.62, -0.25) (23.8, 0.62, -0.20)
MDSB m (x, y, z) (27.8, 2.54, -0.25) (27.8, 2.54, -0.20)
MDSC m (x, y, z) (23.8, 3.77, -0.25) (23.8, 3.77, -0.20)
MDSD m (x, y, z) (27.8, 5.70. -0.25) (27.8, 5.70. -0.20)
ψmlg,ret

◦ xlb ≤ x0 ≤ xub 0.0 ≤ 20.0 ≤ 45.0 0.0 ≤ 0.0 ≤ 14.4
lus m - 2.10 1.68
lbogie m - 2.02 1.42
wbogie m - 1.62 1.40
Tyrenlg - - 43x17.5R17 (32 ply) 1050x395R16 (28 ply)
Articulation - Boolean False True
λmlg,art - - N.A. 0.54
θbogie

◦ xlb ≤ x0 ≤ xub N.A. 0.00 ≤ 0.00 ≤ 25.0
lx,pivot m - N.A. 0.22
lz,pivot m - N.A. 0.26
lmargin,art m - N.A. 0.10
Shortening - Boolean True True
lshortening m - 0.35 0.50

Top view Front view

Side view

Figure 5.30: FV-800 single optimisation (SO) landing gear stick model.

Table 5.29: FV-800 single optimisation (SO) gear concept flotation (ACR) comparison, obtained using the ICAO-ACR tool [47].

Subgrade
category

Flexible ACR Rigid ACR
A350-900 FV-800 BL FV-800 SO A350-900 FV-800 BL FV-800 SO

D 884 510 639 1031 597 733
C 742 462 515 918 533 655
B 692 449 470 825 487 588
A 680 450 453 729 449 512

v̂1 =

 0.28
−0.95
0.14

 , v̂2 =

 0.73
−0.62
0.30

 (5.6)

The 3D gear model and refined stick model for structural analysis are illustrated in Figure 5.31. Node
specifications and retraction kinematics are detailed in Table D.20 and Figure D.9, respectively, in
Appendix D. As for all concept variations, braces are repositioned to match the updated gear geometry.
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(a) Left isometric view. (b) Right isometric view.

Figure 5.31: FV-800 single optimisation (SO) right main landing gear 3D model and refined stick model in orange.

FV-900
Input modifications for the FV-900 gear are outlined in Table 5.30, following a similar approach as for
the FV-800. However, this time, the bogie dimensions are based on those of the A330-300 [42], which
has a comparable maximum take-off mass to the FV-900.

Table 5.30: FV-900 single optimisation (SO) input adjustments.

Item Unit Format FV-900 BL FV-900 SO
MDSA m (x, y, z) (26.7, 1.99, -0.25) (26.7, 1.99, -0.20)
MDSB m (x, y, z) (30.7, 3.92, -0.25) (30.7, 3.92, -0.20)
MDSC m (x, y, z) (26.7, 5.15, -0.25) (26.7, 5.15, -0.20)
MDSD m (x, y, z) (-30.7, 7.07, -0.25) (-30.7, 7.07, -0.20)
ψmlg,ret

◦ xlb ≤ x0 ≤ xub 0.0 ≤ 20.0 ≤ 45.0 0.0 ≤ 0.0 ≤ 14.4
lus m - 2.10 1.82
lbogie m - 2.02 1.98
wbogie m - 1.62 1.40
Articulation - Boolean False True
λmlg,art - - N.A. 0.37
θbogie

◦ xlb ≤ x0 ≤ xub N.A. 0.00 ≤ 0.00 ≤ 25.0
lx,pivot m - N.A. 0.22
lz,pivot m - N.A. 0.26
lmargin,art m - N.A. 0.10
Shortening - Boolean True True
lshortening m - 0.35 0.50

The resulting FV-900 single optimisation stick model is illustrated in Figure 5.32. The final design
vector, constraint activity and stick model results are outlined in Tables 5.25, 5.26 and 5.27, respectively.
Flotation performance is displayed by the Aircraft Classification Rating comparison in Figure 5.31. A
tyre loading diagram and turning radii are shown in Figures D.10 and D.11 in Appendix D. Although
numerically different, FV-900 results follow the same fundamental trends as discussed for the FV-800,
and consistently fall between those of the FV-800 single optimisation gear concept and FV-900 baseline
concept, as expected.

Upper strut and and shock strut folding axis unit vectors are equal to the FV-800 single optimisation
gear, as specified in Equation 5.6. The resulting 3D gear model and refined stick model are illustrated
in Figure 5.33. FV-900 single optimisation gear node specifications and retraction kinematics are illus-
trated in Table D.21 and Figure D.12, respectively, in Appendix D.
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Top view Front view

Side view

Figure 5.32: FV-900 single optimisation (SO) landing gear stick model.

Table 5.31: FV-900 single optimisation (SO) gear concept flotation (ACR) comparison, obtained using the ICAO-ACR tool [47].

Subgrade
category

Flexible ACR Rigid ACR
A350-900 FV-900 BL FV-900 SO A350-900 FV-900 BL FV-900 SO

D 884 703 779 1031 827 889
C 742 609 643 918 735 793
B 692 575 594 825 663 713
A 680 569 577 729 594 630

(a) Left isometric view. (b) Right isometric view.

Figure 5.33: FV-900 single optimisation (SO) right main landing gear 3D model and refined stick model in orange.

5.5.2. Structural Sizing
In this section, the structural sizing of dedicated, single optimisation FV-800 and FV-900 main landing
gear concepts is discussed. Although each gear model is subjected to the same load cases (Table 2.2)
and boundary conditions as the baseline gear model (Table 5.12), specific external loads are aligned
with the respective mass and design parameters of the FV-800 and FV-900. Baseline (BL) and single
optimisation (SO) structural member sizing results are outlined in Table 5.32. An overview of external
main gear loads, critical load cases and sizing results for each member can be found in Appendix D.3.2.

As for the baseline concept, the single optimisation landing gear structures are primarily sized by ground
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Table 5.32: Flying-V family baseline (BL) and single optimisation (SO) gear concept structural member sizing results. Nodes
are defined as illustrated in Figure 5.14.

Member Nodes BL (kg) FV-800 SO
(kg)

FV-900 SO
(kg)

Upper strut trunnion D1-D2-O1-D3-D4 191.2 146.1 187.7
Drop link member 1 D2-D5 77.6 39.1 60.3
Drop link member 2 O1-D5 27.9 15.4 21.3
Drop link member 3 O1-D6 23.7 14.3 19.2
Drop link member 4 D3-D6 64.6 41.7 54.3
Drop link brace 1 C2-C4 23.1 14.3 18.9
Drop link brace 2 C1-C3 65.1 40.7 53.3
Shock strut trunnion D5-S1-O2-S3-D6 206.8 134.7 170.4
Shock strut cylinder O2-S4-S6-S7-S8 622.5 360.0 495.4
Shock strut piston S8-B1 280.9 184.6 247.8
Shock strut brace 1 S1-S3 99.8 55.7 75.8
Shock strut brace 2 S2-S5 79.8 46.7 67.5
Shock strut brace 3 C5-C6 151.2 67.1 103.8
Bogie beam K-B2-L 275.3 110.0 245.0
Aft wheel axle KL-KR 132.2 70.0 86.7
Front wheel axle LL-LR 132.2 70.0 86.7
AM member 11 A1-A4 - 20.3 29.5
AM member 21 A2-A3 - 9.3 12.8
AM member 31 A5-A6 - 10.5 10.9
Shortening members - 9.8 6.8 8.6
Total - 2463 1457 2056

1 Articulation mechanism.

handling load cases, which impose high external loads due to downforce generation. The added artic-
ulation mechanism results in a small mass increase, but the lower overall aircraft mass of the FV-800
and FV-900 is reflected in a mass reduction for all structural members. Consequently, the single opti-
misation gear achieves a significantly lower overall structural mass compared to the baseline.

Notably, the mass reduction of the upper strut trunnion is smaller than for other structural components.
This can be attributed to the shorter gear configuration, which requires the fixed length brace connecting
the shock strut to the airframe to be attached further forward. Similar to the trend observed during the
structural analysis of the gear concept variations, positioning the brace further forward provides less
longitudinal (drag) support, leading to relatively higher reaction loads, particularly during drag, braking,
and spin-up conditions. This translates to a relative higher mass of the total landing gear structure, but
most prominently in the trunnions. Again, it must be noted that the stress increase in the trunnions is
very local, suggesting that there may be potential for mass optimisation through the use of variable wall
thickness or other design refinement.





6
Results and Discussion

In this chapter, the analysis of the different landing gear concepts is discussed. First, the baseline gear
design is investigated, followed by the concept variations as outlined in Section 3.1. Finally, the most
suitable Flying-V family landing gear concept is selected in the design exploration synthesis.

6.1. Baseline Design
This section presents the Flying-V baseline landing gear concept analysis results. It includes an eval-
uation of landing gear group mass, stowage volume, and cabin floor height for all family members.
Additionally, the complexity of the gear, its integration within the overall aircraft design, design com-
monality, and the level of understanding are discussed. Figures 6.1a and 6.1b visualise the FV-1000
baseline concept right main landing gear in the extended and retracted position, respectively.

(a) Extended gear. (b) Retracted gear.

Figure 6.1: FV-1000 baseline concept right main landing gear isometric views.

6.1.1. Quantitative Analysis
Table 6.1 presents the estimated and corrected FV-1000 main gear primary structure mass, and mass
correction factor fc, which is obtained by substituting the extended gear length lmlg,ext into Equation
4.2. For the FV-800 and FV-900, the mass of the articulation mechanism (56 kg) is subtracted. It must
be noted that this is likely to result in a slight underestimation of FV-800 and FV-900 gear mass. For
the FV-1000, the articulation mechanism serves the dual purpose of articulating the bogie for landing
and take-off, and flat-packing the bogie for stowage. Although the FV-800 and FV-900 do not require
the bogie to be articulated, they still require a mechanism to position the bogie for stowage. However,
this stowage mechanism does not need to withstand landing loads, and is therefore expected to be
significantly lighter than the articulation mechanism, justifying the subtraction.

117
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Table 6.1: Flying-V baseline concept landing gear, comparison of primary and total structure mass.

Aircraft Estimated (kg) lmlg,ext (m) fc (-) Corrected (kg) Total (kg)
FV-1000 2519 6.38 1.16 2922 4361
FV-800 / FV-900 2463 6.22 1.17 2893 4317

Landing gear group mass contributions are calculated as discussed in Section 3.6.1 and are presented
in Table 6.2. Although the FV-800 and FV-900 landing gear mass is slightly lower than that of the FV-
1000. Most notably, the different sizing of tyres, wheels, and brakes contributes to significantly lower
rolling stock mass. Despite the FV-800 and FV-900 having slightly longer nose gears compared to the
FV-1000, their lower overall aircraft mass results in a reduced nose gear mass as well. It must be noted
that the baseline concept, which was designed for maximum commonality, comes with a significant
mass penalty for the smaller family members, as shown in Table 6.2. The relative contribution of the
gear to the maximum take-off mass for the FV-900 and in particular the FV-800, are much higher than
for the FV-1000.

Overall, the Flying-V landing gear is estimated to be heavier than the gears used for validation in
Section 4.4.3, accounting for 5.12% of the MTOM for the FV-1000, compared to 4.30% for the A310-
200 and 3.58% for the Boeing 707-320 (Table 4.24 and 4.25). This was to be expected as generally, the
relative contribution of the gear mass increases for increasing aircraft mass [8, 63]. The A310-200 and
Boeing 707-320 have a significantly lower mass compared to the FV-1000. In addition, the Flying-V
landing gear is longer, and its structure needs to account for larger ground handling loads as a result
of downforce generation.

For comparison, the FV-1000 main gear weight is also estimated using the statistics-based method
outlined in Section 2.5. Substituting the relevant values into Equation 2.29, the main gear group mass
is estimated to be 10.8 tonnes, contributing to a total gear group mass of 11.9 tonnes, which is 4.47%
of the FV-1000 maximum take-off mass and is roughly 12% less than the mass estimated in this study
(13.6 tonnes). The baseline gear mass estimate is also higher than the prior (statistics-based) Flying-V
gear mass estimate by Bourget [9]. It is important to note, however, that this estimate was derived
considering different gear requirements and a different aircraft geometry. Furthermore, while Bourget
required outriggers to ensure sufficient ground clearance, these were excluded from the mass esti-
mate. In both cases, it should be recognised that statistics-based methods are generally known to
underestimate gear mass for heavy aircraft and yield inaccurate results for unconventional aircraft, as
discussed in Section 2.5. Moreover, statistics-based methods are incapable of considering increased
ground handling loads due to downforce generation.

Table 6.2: Flying-V baseline concept, comparison of landing gear group mass.

Item FV-1000 (kg) FV-800 (kg) FV-900 (kg)
Main gear (each) 6252 5884 6138

Rolling stock 1391 1096 1330
Structure 4361 4317 4317
Controls 500 471 491

Nose gear 1112 908 1042
Total (% MTOM) 13.6×103 (5.12) 12.7×103 (6.86) 13.3×103 (5.68)

Stowage requirements are outlined in Table 6.2, with dimensions defined as indicated in Figures 6.2a
and 6.2b, illustrating a top and front view of the stowed FV-1000 landing gear, respectively. The stowed
FV-800 and FV-900 gear have equal dimensions. The enclosing box around the gear has a total volume
of 35.5 m3, though this figure does not fully represent the volume of the stowed gear. A portion of the
box extends outboard of the rear spar into the cabin. After excluding this outboard section, which
accounts for approximately 5 m3, the actual retracted gear volume Vretracted is 30.5 m3.

Cabin floor heights at door locations are presented in Table 6.4. Longitudinal locations Xdoor are esti-
mated from Oosterom [10]. Vertical locations Zdoor are measured from the ground. The Flying-V floor
is considered to be 1.08 m below the aircraft centreline, obtained from the CATIA 3DX model. Door
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wretracted

lretracted

(a) Top view.

wretracted

hretracted

(b) Front view.

Figure 6.2: Flying-V landing gear stowage requirements definitions.

Table 6.3: Flying-V baseline concept stowage requirements.

Item Unit FV-1000
lretracted m 6.2
wretracted m 2.6
hretracted m 2.2
Vbox m3 35.5
Vretracted m3 30.5

sill heights vary between 4.1 and 5.7 m, and depend on the longitudinal location of the door due to the
aircraft static pitch attitude. Naturally, the variation is the largest for the FV-1000 because its doors are
located at a larger distance from the main gear. The maximum door height of 5.7 meters is comparable
to the aft door of the A330, allowing for the use of similar ground support equipment. It should be noted,
however, that the table presents values for maximum ramp mass. Door heights will be slightly higher
at lower weights due to reduced shock absorber compression.

Table 6.4: Flying-V baseline gear, comparison of cabin floor height at door locations, aircraft at maximum ramp mass.

Item Unit FV-1000 FV-800 FV-900
Xdoor,fwd m 5.8 5.8 5.8
Zdoor,fwd m 4.1 4.3 4.2
Xdoor,aft m 36.6 26.6 32.2
Zdoor,aft m 5.7 5.4 5.6

6.1.2. Qualitative Analysis
Compared to a conventional commercial aircraft landing gear, the proposed baseline gear concept is
fairly complex. Because it has a double folding strut, it features a larger number of components and a
greater number of joints. Despite this added complexity, the gear retains a single degree of freedom,
similar to conventional gear systems, allowing it to be extended or retracted with a single actuator.
Structurally, the gear is very similar to that of the Convair B-58, with the primary difference being the
skewed folding axes, causing the strut and bogie to rotate when the gear extends or retracts. Addition-
ally, the inclusion of bogie articulation and strut shortening adds to the complexity. These features are,
however, based on mechanisms that have been successfully utilised on the Airbus A330/A340 families,
indicating a proven level of reliability and feasibility.

A landing gear integration proposal is illustrated in Figure 6.3, inspired by the work of Voeten [26] and
Oosterom [10]. The fairing, indicated by the red curve, encloses the landing gear stowage bay as well
as the gear and engine mounting structures. The fairing and mounting structures can be connected to
a common family section to maximise family design commonality. Specifically, the outboard end of the
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upper strut trunnion could be connected to the rear spar directly, facilitating efficient load transfer. The
engine is mounted on top of the fairing, aft of the landing gear, such that it can be lowered down for
maintenance.

(a) FV-1000 baseline design.

(b) FV-800 baseline design

Figure 6.3: Baseline concept gear integration proposal.

As can be observed from the baseline gear retraction path in Figure 5.15, the bogie assembly extends
backward, which is beneficial when it comes to compliance with emergency operation requirements. Of
all gear components, the bogie assembly, with tyres, wheels, brakes and the bogie beam itself, presents
the largest cross-sectional area perpendicular to the flow direction, making it likely to experience the
highest drag loads. In the event of a primary extension mechanism failure, these drag loads, along
with gravity, ensure that the gear can still extend.

The baseline concept is designed with a focus on maximising aircraft and landing gear commonality
across the family. For each family member, the landing gear shares the same structural components,
attachment structure, and fairing dimensions, ensuring a high degree of design consistency, simplifying
maintenance and production processes and enhancing overall commercial viability. However, there are
differences in nose gear length and attachment location among the family members. These differences
could be addressed by implementing a nose gear strut shortening mechanism as discussed in Section
5.3.

6.2. Gear Concept Variations
In this section, gear concept variations analysis results are discussed. Landing gear group mass,
stowage requirements and cabin floor height are evaluated and compared. Additionally, qualitative
insights into the complexity, integration potential, and compliance with emergency operation require-
ments are provided. The 6-wheel bogie concept (C2), bogie articulation exclusion concept (C3), strut
shortening exclusion concept (C4) and backward stowage concept (C5) are illustrated in Figure 6.4.

6.2.1. Quantitative analysis
Primary structure mass estimates following from the structural analysis need to be corrected using the
correction factor fc, which is obtained by substituting the gear length lmlg,ext into Equation 4.2. Correc-
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(a) 6-wheel bogie concept (C2). (b) Bogie articulation exclusion concept (C3).

(c) Strut shortening exclusion concept (C4). (d) Backward stowage concept (C5).

Figure 6.4: Overview of FV-1000 right main landing gear concept variations.

tion factors and corrected mass values are outlined in Table 6.5. Notably, concept C3, which excludes
bogie articulation, has a lower mass correction factor due to its longer gear length. Although it had the
highest finite element mass estimate of all concepts, this is not the case anymore after correction. The
total structural mass includes contributions from fittings and other miscellaneous structural components,
estimated to consistently contribute 33% to the total structural mass throughout this research.

Table 6.5: Flying-V gear concept variations, comparison of primary and total structure mass.

Concept Estimated (kg) lmlg,ext (m) fc (-) Corrected (kg) Total (kg)
BL 2519 6.38 1.16 2922 4361
C2 2762 6.24 1.17 3232 4824
C3 2861 7.02 1.09 3118 4654
C4 2447 6.45 1.15 2813 4200
C5 2843 6.17 1.18 3354 5006

Table 6.6 presents landing gear group mass estimates for each concept, calculated as outlined in
Section 2.5. The 6-wheel bogie concept (C2) has the highest group mass, closely followed by the
backward stowage concept (C5). While the 6-wheel bogie concept benefits from a slightly lower nose
gear mass due to a shorter nose gear strut, its overall mass is significantly higher than the baseline,
mainly due to the increased rolling stock and structural mass. For the backward stowage concept
(C5), the mass increase is driven entirely by a higher structural mass. Excluding the bogie articulation
(Concept C3) also results in a higher group mass, attributed to both increased structural mass and
a heavier nose gear. Conversely, Concept C4, which excludes strut shortening, offers the lightest
solution, though the mass reduction compared to the baseline is minimal.

It is important to note that the primary structure mass correction equation (Equation 4.2) is derived
from a small calibration sample. Additionally, the structure and control mass additions pose constant
relative contributions, meaning that any increase in structural mass is further amplified in the total mass
estimate. This can disproportionately upscale small structural mass differences between concepts.
While the method offers valuable insights for comparative analysis, the results should be interpreted
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with an understanding of these limitations, especially when considering absolute mass values. Further
validation with larger calibration datasets and design refinements may be required to determine whether
the estimates accurately reflect real-world outcomes.

Table 6.6: Flying-V concept variations, comparison of group mass.

Item BL (kg) C2 (kg) C3 (kg) C4 (kg) C5 (kg)
Main gear (each) 6252 7013 6571 6077 6953

Rolling stock 1391 1628 1391 1391 1391
Structure 4361 4824 4654 4200 5006
Controls 500 561 525 486 556

Nose gear 1112 1069 1223 1114 1112
Total (% MTOM) 13.6×103 (5.12) 15.1×103 (5.68) 14.4×103 (5.41) 13.3 ×103 (5.00) 15.1×103 (5.64)

Stowage requirements are outlined in Table 6.7. The retracted gear volume Vretracted is obtained by
subtracting the portion of the box volume outboard of the rear spar, as illustrated in Figure 6.5. Of
all concepts, the 6-wheel bogie concept (C2) has the smallest retracted gear volume, which is advan-
tageous from a fuel tank space perspective. However, it also has the largest frontal cross-section,
negatively impacting aerodynamic performance. Concepts C3 and C4 (excluding bogie articulation
and strut shortening, respectively) exhibit the largest retracted volumes and cross-sections. This is
primarily driven by the fixed length shock strut support brace which needs to be attached further aft,
increasing the stowage box length as can be observed in the Figures. The backward stowage concept
(C5) has a slightly smaller cross-section and box volume compared to the baseline. However, since
the box no longer extends outboard of the rear spar, no portion can be subtracted from the total box
volume. Consequently, the effective retracted gear volume is not smaller than the box volume, making
it significantly larger than that of the baseline.

Table 6.7: Flying-V gear concept variations, comparison of stowage requirements.

Item BL C2 C3 C4 C5
lretracted (m) 6.2 6.2 6.8 7.0 6.4
wretracted (m) 2.6 2.9 2.7 2.7 2.5
hretracted (m) 2.2 2.0 2.2 2.2 2.2
Vbox (m3) 35.5 36.0 40.4 41.6 35.2
Vretracted (m3) 30.5 29.5 35.4 36.6 35.2

(a) Concept C2. (b) Concept C3. (c) Concept C4. (d) Concept C5.

Figure 6.5: Flying-V gear concept variations, retracted gear volume definitions.

Cabin floor heights are detailed in Table 6.8. Longitudinal locationsXdoor are estimated from Oosterom
[10]. Vertical locations Zdoor are measured from the ground. The Flying-V floor is considered to be
1.08 m below the aircraft centreline, obtained from the CATIA 3DX model. The 6-wheel bogie concept
(C2) features a shorter gear, resulting in a lower static cabin floor height. Conversely, eliminating the
articulation mechanism in concept C3 requires a longer gear, leading to an increased cabin floor height.
The aft door cabin floor height in concept C3 is notably higher than the main deck cabin floors of
existing aircraft, but remains below the upper deck floor height of the A380 (Table 2.9. Removing the
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strut shortening mechanism (C4) or reversing the stowage direction (C5) does not affect the cabin floor
height.

Table 6.8: Flying-V gear concept variations, comparison of cabin floor height at door locations, aircraft at maximum ramp mass.

Item BL C2 C3 C4 C5
Xdoor,fwd (m) 5.8 5.8 5.8 5.8 5.8
Zdoor,fwd (m) 4.1 3.9 4.8 4.1 4.1
Xdoor,aft (m) 36.6 36.6 36.6 36.6 36.6
Zdoor,aft (m) 5.7 5.5 6.4 5.7 5.7

6.2.2. Qualitative analysis
The 6-wheel bogie concept (C2) is more complex than the baseline due to the increased number of
wheels, which requires additional braking systems, hydraulic components, and introduces more poten-
tial points of failure. In contrast, concepts C3 and C4 feature lower complexity, as they do not have
bogie articulation and strut shortening mechanisms, respectively, simplifying their design compared to
the baseline.

Figures 6.6a and 6.6b illustrate a landing gear integration proposal for the 6-wheel bogie concept (C2)
and backward stowage concept (C5), respectively. For maintenance, it must be possible to drop the
engine from its mounting structure without colliding with the landing gear. As concept C2 features a
longer bogie, the engines need to be mounted slightly further aft, resulting in larger bending moments
in the mounting structure. Concepts C3 and C4 are more similar to the baseline in terms of integration
but require a longer fairing, as discussed in the stowage analysis. Concept C5 arguably offers the
most promising integration from a structural perspective, as the landing gear can be stowed beneath
the engine, with the fixed-length shock strut brace connected closer to the rear spar. However, this
design introduces a higher risk to the landing gear in the event of engine blade failure.

(a) 6-wheel bogie concept (C2).

(b) Backward stowage concept (C5).

Figure 6.6: Gear concept variations integration proposals.

Compared to other concepts, concept C5 extends the landing gear forward rather than backward. This
configuration is less favourable for emergency operation, as drag loads oppose extension of the gear.
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However, as for all other concepts, the extension movement is primarily downward due to the double-
folding strut design, making the effect of drag loads less crucial. In addition, it is worth noting that the
Convair B-58 Hustler also retracts its main landing gear in backward direction [12]. If concept C5 is
selected, further research is required to fully assess the implications for compliance with CS 25.729
[17], and, if needed, address any issues.

6.3. Family Design
Single optimisation FV-800 and FV-900 landing gear analysis results are presented and discussed in
this section. The respective gear designs are illustrated in Figure 6.7.

(a) FV-800 single optimisation gear concept. (b) FV-900 single optimisation gear concept

Figure 6.7: Overview of Flying-V family single optimisation right main landing gear concepts.

6.3.1. Quantitative Analysis
Table 6.9 presents structural mass results for the baseline gear, as well as for the gear designs specif-
ically sized for the FV-800 and FV-900. The finite element mass estimations are adjusted using the
mass correction factor fc, calculated from Equation 4.2. Notably, the finite element mass estimates for
the FV-800 and FV-900 are significantly higher compared to the baseline. The shorter landing gear of
the FV-800 and FV-900 results in a higher correction factor, which marginally reduces the overall dif-
ference. Nonetheless, the single optimisation gear mass estimates, especially for the FV-800, remain
considerably lighter.

Table 6.9: Flying-V family baseline (BL) and single optimisation (SO) landing gear, comparison of primary and total structure
mass.

Aircraft Estimated (kg) lmlg,ext (m) fc (-) Corrected (kg) Total (kg)
BL 2463 6.22 1.17 2893 4317
FV-800 SO 1457 5.21 1.28 1869 2789
FV-900 SO 2056 5.80 1.22 2507 3742

Single optimisation landing gear group mass estimates are outlined in Table 6.10. The main gear rolling
stockmass remains unchanged, as the baseline rolling stock was already sized for each specific aircraft.
However, the reduction in structural mass and to a lesser extend nose gear mass (shorter strut), results
in the single optimisation gear being significantly lighter than the baseline gear. Logically, the difference
is most pronounced for the FV-800, as the baseline design poses the greatest degree of oversizing for
this aircraft. The single optimisation gear for the FV-800 is approximately 3.5 tonnes lighter than the
baseline, representing around 2% of the aircraft its maximum take-off mass (MTOM). For the FV-900,
the difference is smaller, at around 1.4 tonnes, as its MTOM is closer to that of the FV-1000. Overall,
the trend of decreasing gear mass contributions relative to the total aircraft mass, as aircraft mass
decreases, aligns with observations by Chai and Mason [8] and Roskam [63].

Please note that single optimisation gear mass estimates are subject to limitations, similar to mass
estimations presented in Section 6.2.
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Table 6.10: Flying-V family baseline (BL) and single optimisation (SO) landing gear, comparison of group mass.

Item FV-800 BL (kg) FV-800 SO (kg) FV-900 BL (kg) FV-900 SO (kg)
Main gear (each) 5884 4223 6138 5513

Rolling stock 1096 1096 1330 1330
Structure 4317 2789 4317 3742
Controls 471 338 491 465

Nose gear 908 778 1042 955
Total (% MTOM) 12.7×103 (6.86) 9.22×103 (4.98) 13.3×103 (5.68) 11.9×103 (5.09)

Single optimisation gear stowage requirements are presented alongside baseline gear requirements in
Table 6.11. The single optimisation concepts feature significantly smaller retracted gear volumes, which
could be utilised to increase fuel tank capacity. Additionally, the concepts have reduced frontal cross-
sections compared to the baseline, potentially offering improvements in aerodynamic performance.

Table 6.11: Flying-V family baseline (BL) and single optimisation (SO) landing gear, comparison of stowage requirements.

Item BL FV-800 SO FV-900 SO
lretracted (m) 6.2 4.9 5.8
wretracted (m) 2.6 2.3 2.5
hretracted (m) 2.2 1.9 2.0
Vbox (m3) 35.5 21.4 29.0
Vretracted (m3) 30.5 18.7 25.4

(a) FV-800. (b) FV-900.

Figure 6.8: Single optimisation gear, retracted gear volume definitions.

Cabin floor heights are presented in Table 6.12. Longitudinal locations Xdoor are estimated from Oos-
terom [10]. Vertical locations Zdoor are measured from the ground. The Flying-V floor is considered
to be 1.08 m below the aircraft centreline, obtained from the CATIA 3DX model. The shorter landing
gears of the FV-800 and FV-900 have a direct impact on cabin floor heights. In particular, the cabin
floor of the FV-800 is roughly 1 m lower than the baseline. The same trend is observed for the FV-900,
though the effect is less pronounced due to its slightly longer gear.

Table 6.12: Flying-V family baseline (BL) and single optimisation (SO) concept landing gear, comparison of cabin floor height
at door locations, aircraft at maximum ramp mass.

Item FV-800 BL FV-800 SO FV-900 BL FV-900 SO
Xdoor,fwd (m) 5.8 5.8 5.8 5.8
Zdoor,fwd (m) 4.3 3.3 4.2 3.7
Xdoor,aft (m) 26.6 26.6 32.2 32.2
Zdoor,aft (m) 5.4 4.4 5.6 5.1
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6.3.2. Qualitative Analysis
The single optimisation landing gear designs do not introduce additional complexity and behave similar
when it comes to emergency operation compared to the baseline design. From an integration perspec-
tive, the shorter bogie designs allow the engine to be mounted further forward, reducing the bending
moments in the gear and engine attachment structure, potentially leading to a lower mass. FV-800 and
FV-900 integration proposals are presented in Figure 6.9.

(a) FV-800 single optimisation.

(b) FV-900 single optimisation.

Figure 6.9: Flying-V family single optimisation gear integration proposals.

Naturally, single aircraft gear optimisation results in reduced commonality across the Flying-V family.
Variations in the lateral position of the trunnion and differences in brace locations lead to different
mounting structures for the various landing gear concepts. Gear sizing differs, with variations inmember
length and wall thickness, leading to different structural mass. The bogie design is also unique to each
model, offering mass and stowage benefits but further reducing commonality. Although the nose gear
also differs, this variation was already present in the baseline design, and could be solved using a nose
gear strut shortening mechanism, as discussed in Section 6.1.

However, certain elements of aircraft commonality can still be maintained even with different gear de-
signs. The longitudinal attachment points relative to the centre of gravity are similar across all concepts,
and due to the double folding strut, the stowed bogie position relative to the upper strut trunnion remains
constant. In addition, the FV-800 and FV-900 single optimisation gears have less stringent stowage
bay fairing requirements than the FV-1000 baseline. Together, this allows for using the same stowage
bay fairing across the entire Flying-V family. While there are differences in the landing gear mounting
structure, this shared fairing design opens up the possibility of a common family section, as discussed
by Oosterom [10].

Commonality could be further enhanced by moving the landing gear attachment position to match that
of the FV-1000, while retaining single optimisation (albeit less optimal) sizing to maintain the benefits
of having lower mass for the smaller family members. Since gear folding axis orientations are already
similar across all concepts, this adjustment would enable a more common gear mounting structure,
facilitated by a shared upper strut trunnion location, with only a slight increase in gear length and mass.
The brace attachment locations would still differ to accommodate the varying gear lengths.
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6.4. Design Exploration Synthesis
In this section, the most suitable Flying-V landing gear is selected. A design with low complexity is
preferred, as it reduces the number of components and potential points of failure. This results in in-
creased reliability, easier maintenance, and reduced maintenance costs. Landing gear mass must be
minimised to enhance payload capacity and fuel efficiency. The landing gear must have a compact
design when retracted, minimising the frontal cross-section to reduce aerodynamic drag. Additionally,
a small retracted volume allows for increased fuel tank capacity. Maximising commonality between
family members is essential to limiting production and certification costs, which enhances the commer-
cial viability of the Flying-V. Ultimately, for the Flying-V to be viable, the landing gear design must also
be technically and operationally feasible.

Landing Gear Concept Comparison
The single folding strut (concept C1) offers the lowest complexity, but given the current set of require-
ments, it is not feasible for the FV-800, and compromises aerodynamic performance and commonality
across the family. A 6-wheel bogie, an articulation mechanism, and a strut shortening mechanism
increase complexity, but have all been successfully implemented in previous landing gear designs.

In terms of mass, implementing a 6-wheel bogie, reversing the stowage direction, and incorporating a
strut shorteningmechanism all result in a mass increase compared to the baseline. The implementation
of the articulation mechanism, on the other hand, offers a reduction in landing gear mass. The benefits
of adopting a single optimisation gear instead of a common (baseline) gear are significant, in particular
for the FV-800, where the single optimisation gear is 3.5 tonnes lighter than the baseline, which roughly
equates to 2% of the maximum take-off mass.

With respect to compactness, the benefits of the narrow 6-wheel bogie are negated as it requires a
wider fairing, which increases the frontal cross-section compared to the baseline. Removing either
the articulation mechanism or the strut shortening mechanism significantly increases the stowed gear
volume. Using the single optimisation gear for smaller family members may lead to a considerable
reduction in stowage volume. The same fairing can still be used due to the double folding strut, which
allows for maintaining a constant bogie position relative to the trunnion across the family, irrespective
of gear length.

Regarding feasibility, all concepts, with the exception of the single folding strut, exhibit feasible kine-
matics and integration. The potential for integrating the gear and engine mounting structure is similar
across the designs, with the engines mounted aft of the landing gear for all concepts. The engine po-
sition varies slightly depending on the bogie length, but this has minimal impact on overall integration.
It is found that removing the articulation mechanism increases the static height of the aircraft, leading
to a cabin floor height being significantly higher than that of existing wide-body aircraft. This increased
height may present challenges for compatibility with existing ground support equipment. For other gear
concepts, the cabin floor height is comparable to those of existing wide-body aircraft.

The Best Landing Gear for the Flying-V Family
Overall, the baseline concept offers the optimal trade-off between the aforementioned criteria for both
the FV-1000 and FV-900. The concept, which features a 4-wheel articulated bogie and a double fold-
ing strut that shortens upon retraction, provides the best compromise between complexity, mass, and
stowage requirements. Additionally, the baseline concept features a favourable extension direction in
the event of a primary extension method failure.

It must be noted that for the FV-900, using the baseline design results in performance penalties, in-
cluding a reduced maximum pitch attitude for ground clearance (13.7◦ as opposed to the desired 14◦)
and a mass penalty (1.4 tonnes). Although the single optimisation concept provides greater ground
clearance and a lower mass, commonality is prioritised. Optionally, commonality could be increased
further by using the FV-1000 baseline concept for the FV-900 as well. The inclusion of the articulation
mechanism provides additional ground clearance, albeit at the cost of a slight additional mass penalty.

For the FV-800, the baseline concept mass penalty is rather large (3.5 tonnes, roughly 2% of its max-
imum take-off mass). Given that it is already constrained by its available fuel tank volume, a heavier
landing gear would further limit range and payload capacity. This justifies using the single optimisation
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gear concept for the FV-800, at the expense of reduced commonality. In addition to being lighter, the
single optimisation gear also offers better lateral stability, enhancing overall performance. The same
fairing can still be used without modification. Optionally, the same trunnion attachment structure could
be used as well, but this would slightly increase gear length and mass.



7
Conclusions and Recommendations

Research conclusions, design recommendations, and further research recommendations are discussed
in this chapter.

7.1. Conclusions
The Flying-V landing gear is expected to significantly impact aircraft mass and design. Previous designs
are based on outdated requirements and have shortcomings in feasibility, mass estimation reliability,
integration, and family commonality. The objective of this research is to conduct a Flying-V landing
gear design exploration to be able to answer the research question: ’What is the best landing gear for
the Flying-V family?’.

The optimal landing gear design for the Flying-V family is selected based on several key criteria, in-
cluding feasibility, complexity, mass, structural integration, and family commonality. While these apply
to any aircraft, they are more stringent for the Flying-V. Its high sweep angle wing requires a longer
landing gear for sufficient ground clearance. This inherently results in higher landing gear mass, reduc-
ing the performance benefit of the Flying-V compared to conventional aircraft. Additionally, a longer
gear raises the cabin floor height, which must remain compatible with ground support equipment, an
important factor for the commercial viability of the aircraft. Without a central fuselage, compact gear
stowage becomes more critical for aerodynamic performance. Also family commonality is not straight-
forward. Smaller family members have a shorter length and span, meaning they do not benefit from
the longer gear required for the FV-1000, which undermines the advantage of using a common gear
across all models. Additionally, unlike conventional aircraft, the positioning of the landing gear must
facilitate integration of the engine mounting structure and engine, all connected to the same fuselage
section to maintain family commonality.

Several key landing gear design considerations were explored, including single versus double folding
struts, four-wheel versus six-wheel bogies, bogie articulation, strut shortening, and stowage direction.
The benefits of dedicated FV-800 and FV-900 landing gear over a common FV-1000-sized gear were
also assessed. All these features were incorporated into various landing gear concepts, which were
then evaluated for their feasibility, performance, and integration within the Flying-V family. The single
folding strut was found to be unfeasible. The six-wheel bogie resulted in a heavier gear compared
to the four-wheel configuration. Although it offered reduced stowage bay height, the width increased,
ultimately leading to a comparable cross-section and stowage volume. Bogie articulation effectively
reduced mass and increased compactness, though at the cost of higher complexity. Strut shortening
also improved compactness, though it slightly increased mass. Folding the gear in forward direction
for stowage resulted in significantly lower gear mass compared to stowage in backward direction, and
offers the additional advantage of beingmore favourable in the event of an extensionmechanism failure.
Finally, dedicated derivative designs for the FV-800 and FV-900 featured significant reductions in mass
and stowage requirements, while still maintaining a high degree of commonality across the Flying-V
family.

The best Flying-V landing gear concept features a double folding strut, a four-wheel bogie, strut short-
ening, and forward retraction. For the FV-1000, the gear weighs 13.6 tonnes, representing 5.1% of its
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maximum take-off mass (MTOM), and includes bogie articulation for improved ground clearance. The
same gear is used for the FV-900, with adjustments to the rolling stock sizing and without bogie articu-
lation, resulting in a 13.3-tonne gear (5.7% of MTOM). Although a dedicated gear for the FV-900 could
reduce the mass to 11.9 tonnes, and despite a slight reduction in maximum allowed pitch attitude for
ground clearance, commonality with the FV-1000 is prioritised. Alternatively, bogie articulation could
be implemented on the FV-900 as well, only marginally increasing mass and complexity, but improving
ground clearance and commonality. Differently, for the FV-800, a gear with dedicated sizing is selected.
Compared to the other family members, the FV-800 is much more constrained by fuel tank capacity,
which justifies deviating from the commonality principle. The resulting FV-800-sized gear weighs 9.2
tonnes (5.0% of MTOM), significantly reducing mass compared to using the FV-1000-sized common
gear, which would weigh 12.7 tonnes for the FV-800.

It is important to interpret the mass estimates with caution. Fundamentally, the structural sizing is
based on simplified quasi-static load conditions, excluding dynamic and asymmetric loads, and as-
sumes uniform loads in each member. Additionally, all members are modelled as tubes, each with a
fixed diameter and uniform wall thickness. While this simplification provides consistency in the analy-
sis and concept comparison, it inherently constrains the design. Internal gear loads are found to be
sensitive to support brace positioning, which have not been fully optimised in this study. The structural
mass estimation relies on a simplified 1D finite element model that does not account for components
such as torque links and locking mechanisms. The correction equation used to adjust the primary
structure mass estimate is derived from a small calibration sample, which may affect the precision of
the results. Additionally, the assumption of constant relative contributions from miscellaneous struc-
tural components and controls tends to amplify minor differences in structural mass. Furthermore, the
scope of this design exploration is inherently limited, as the range of potential design considerations
and variations is vast, and not all could be evaluated within this research. Nevertheless, the results
provide a robust foundation for concept comparison, trend exploration, and guiding future development
of the Flying-V.

7.2. Recommendations
In this section, recommendations for the further development of the Flying-V landing gear are presented.
These recommendations are grouped by topic, addressing key areas that require additional refinement
or research.

Main Landing Gear
The main landing gear requires further design refinement in several key areas to improve the accuracy
and extend the scope of the feasibility analysis and mass estimation. One significant area that has
not been addressed in this research is the attachment structure, which is expected to add significant
mass to the aircraft. Torque links, locking mechanisms, actuators and brake rods need to be included
to reduce reliance on sensitive mass correction factors and enhance the feasibility evaluation.

Additionally, asymmetric and dynamic loading conditions should be incorporated, and multibody sim-
ulations should replace quasi-static assumptions for a more accurate representation of structural be-
haviour. The structure could be further optimised by exploring the use of different member profiles,
which may provide better load distribution or weight savings compared to the tubular members used in
this research. In areas where the wall thickness of members is constrained by machinability, reducing
the diameter could decrease the overall mass. Conversely, in regions where the wall thickness is gov-
erned by stress or buckling considerations, increasing the diameter could allow for thinner walls and
further mass reduction, though this would come at the expense of compactness. Ultimately, mass anal-
ysis should be integrated into the landing gear optimisation process, allowing the attachment structure
and brace positioning to be optimised to minimise total landing gear mass.

To minimise the number of components, the torque links could potentially be integrated with the artic-
ulation mechanism. Unlike the FV-800 and FV-1000, the FV-900 requires a dedicated bogie folding
mechanism, as it lacks an articulation system capable of performing this function. Additionally, com-
posite materials present a promising alternative to 300M steel for various landing gear components,
particularly those subjected to uniaxial loads, with the potential to reduce overall landing gear mass.

The main landing gear is relatively complex compared to conventional designs, which may affect cost,
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maintenance, and reliability. In this research, complexity has only been evaluated from a qualitative per-
spective, based on engineering judgement and comparisons with existing landing gear designs. While
this provides an initial understanding, a thorough, industry-guided assessment of structural complexity
and retraction kinematics is required to ensure the design is both technically feasible and economically
viable.

Finally, the dynamic behaviour of the landing gear requires further investigation, particularly its suscep-
tibility to instability (e.g., shimmy), which could be more prominent due to its long length and may result
in excessive wear or failure.

Nose Landing Gear
The design of the nose landing gear has not been explored in this research, with current nose gear
mass estimates based on statistical methods. It is found, however, that the Flying-V nose gear load
fractions are higher than those of conventional aircraft, making these methods potentially inaccurate.
While nose gear mass typically has a small impact on the total landing gear group mass, this may be
different for the Flying-V due to the higher loads, necessitating the use of physics-based approaches
for a more accurate estimation.

The Flying-V has a ground pitch attitude of −3◦. Due to varying wheelbase lengths across the family,
the FV-800 requires a longer nose gear than the FV-900, which in turn requires a longer gear than the
FV-1000. This variation complicates family commonality, as the longer nose gear must be positioned
further aft to have sufficient room for stowage, which also increases the nose gear load fraction. A
potential solution is to implement a strut shortening mechanism in the nose gear of the FV-800 and
FV-900, similar to that of the main landing gear.

Rotation Ability
In this research, the position of the main landing gear is optimised for maximum rotation ability, which
is common practice for landing gear design. However, the actual ability of the aircraft to rotate remains
unverified, and should be evaluated in future research.

Bogie articulation may potentially be beneficial for rotation ability. For all landing gear concepts, the
rotated tipover constraint was active, meaning that positioning the gear further forward would have
caused the aircraft to become unstable as it reaches its maximum pitch attitude. This was, however,
evaluated considering that the aircraft rotates about the centre bogie pivot point. In fact, when the bogie
is articulated, the aircraft pivot point shifts towards the aft wheel axle. This allows the gear to be moved
further forward, benefiting rotation ability (and nose gear loads). It must be noted that this results in a
slightly longer gear, and that appropriate derotation after touchdownmust be guaranteed, e.g., the pitch
attitude of the aircraft must be decreased before the bogie is derotated to maintain sufficient ground
clearance.

Airport Compatibility
The wing tips of both the FV-1000 and FV-900 exceed the minimum taxiway separation distance during
sharp turns, which could lead to colliding with objects or other aircraft. Landing gear positioning has
only a minor impact on this issue. Further investigation is required to assess the operational limitations
this may impose. A potential, albeit suboptimal, solution would be the implementation of main gear
steering, which would enable lateral manoeuvring during taxiing (crabbing), allowing the aircraft to
move sideways during a turn. However, this approach should be viewed as a last resort, as it introduces
substantial complexity to the landing gear system and aircraft ground handling.

Further research into the necessity of downforce generation for achieving appropriate braking perfor-
mance is recommended. Previous studies proposed downforce generation to enhance braking per-
formance, particularly given the extended derotation phase of the Flying-V, which necessitates rapid
deceleration once in the braking phase to achieve an appropriate stopping distance [22, 23]. However,
the use of split flaps has shown to reduce the required pitch attitude, thereby shortening the derotation
phase, potentially mitigating the need for downforce generation. Downforce significantly increases the
load on the landing gear, heavily influencing the sizing of nearly all components. While its effect on
tire sizing was considered, its impact on flotation performance was not evaluated in this research and
could introduce additional operational limitations.
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Noise
During approach, airframe noise, a majority of which originating from the landing gear, is already the
dominant factor for the current generation of aircraft [64]. The long and complex landing gear of the
Flying-V is likely to produce more noise than conventional landing gear. This concern extends to take-
off as well, where the complex kinematics and slow retraction speeds delay the aircraft from reaching a
clean configuration, potentially making landing gear noise relevant for the flyover noise reference point
as well. As a result, landing gear noise may become a primary concern for the Flying-V, which needs
to be investigated in future research.
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A
CS-25 Landing Gear Ground Load

Cases

This appendix serves as an overview of ground load cases used for structural sizing of the landing gear
evaluated in this research. Load conditions prescribed in CS25 oftentimes impose multiple load case
variations, for example due to variations in touchdown speed and mass. Imposed post loads as a result
of each load case variation are summarised in a table A.1. Please refer to Chapter 3 for derivations
and assumptions. Supportive geometry definitions are shown in Figure A.1.

Figure A.1: Landing gear dimensions [17].
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Figure A.2: Landing gear reference frame, showing right main landing gear.
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A.1. Landing

Figure A.3: CS 25.479 level landing conditions [17].

Figure A.4: CS 25.481 tail-down landing conditions [17].

Figure A.5: CS 25.483 one-gear landing conditions [17].

Figure A.6: CS 25.485 side load conditions [17].
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A.2. Ground-handling

Figure A.7: CS 25.493 braked roll conditions [17].

Figure A.8: CS 25.495 turning [17].

Figure A.9: CS 25.503 pivoting [17].
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B
Input Data Derivations

B.1. Aircraft specifications
B.1.1. Centre of gravity relative to mean aerodynamic chord
Commonly, longitudinal aircraft centre of gravity locations are expressed relative to the mean aerody-
namic chord (MAC). The mean aerodynamic chord (MAC) length can be calculated using Equation B.1,
where MACi and Si are the mean aerodynamic chord and surface area of a wing planform panel, as
illustrated in Figure B.1 [65]. The wing planform panels have a root chord ci,1, a tip chord ci,2, a taper
ratio λi, and a span y. The x-position of the MAC leading edge xMAC can be calculated using Equation
B.2, where Λ is the leading edge sweep angle.

MAC =

m+1∑
i=1

MACiSi

m+1∑
i=1

Si

, where: MACi =
2

3
ci,1

(
1 + λi + λ2i

1 + λi

)
, and Si =

yi+1 − yi
2

(ci,1 + ci,2) (B.1)

xMAC =

m+1∑
i=1

xMACiSi

m+1∑
i=1

Si

, where: xMACi =
(yi+1 − yi)(1 + 2λi)

3(1 + λi)
tanΛLE,i (B.2)

S1

S2c1,1 c1,2=c2,1
c2,2

Figure B.1: Wing planform with two planform panels.

The centre of gravity CGx can now be expressed relative to the mean aerodynamic chord using Equa-
tion B.3.

CGx,%MAC =
CGx − xMAC

MAC
(B.3)
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B.1.2. Vertical centre of gravity location
The vertical centre of gravity location, or centre of gravity height, is required to evaluate the vertical
reaction load on the nose gear during braking, and to evaluate ground stability after push-back and
when the aircraft is in the maximum pitch-up attitude.

Centre of gravity heights of aircraft considered in this research are assumed to be similar to that of
the A300-B2, which is estimated using the group weight contributions specified by Roskam [63]. Each
weight group is assumed to have a uniform distribution of mass, such that the mass can be represented
by a point mass mi. The point mass is acting at an assumed centroid location z̄i. Only weight groups
contributing to the empty weight of the aircraft are considered, as payload and fuel are assumed to
leave the vertical location of the centre of gravity unaffected. The relative weight group contributions
to the total aircraft weight for the A300-B2 are shown in Table B.1 [63]. A300-B2 weight group centroid
height is measured from the scaled drawings provided in the A300 Aircraft Characteristics for Airport
Planning manuals [66], as illustrated in Figure B.2. Substituting the group weight contributions and
heights into Equation B.4, a centre of gravity height of 4.12 m is obtained.

z̄cg =

n∑
i=1

z̄imi

n∑
i=1

mi

(B.4)

Table B.1: A300-B2 group weight contributions and heights.

Weight group Contribution Letter Height
Nacelle group 0.023 A 2.26 m
Power plant 0.076 B 2.26 m
Landing gear group 0.045 C 2.26 m
Wing group 0.146 D 4.28 m
Fuselage group 0.119 E 4.86 m
Fixed equipment 0.116 F 4.86 m
Empennage group 0.020 G 7.71 m
Total 0.545 - 4.12 m

A, B, C D E, F G

Figure B.2: A300-B2 weight group height definitions.

Taking the centre of gravity height (4.12 m) relative to the fuselage centreline height (4.86 m), and
normalising it with the fuselage height or diameter (5.64 m) [66], we obtain:

z̄cg,cl = −0.13Hfuselage (B.5)

Please note that a positive z̄cg,cl denotes a location above the fuselage centreline, following standard
aircraft design reference frame convention.
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B.1.3. Maximum aircraft pitch attitudes
The method for calculating the maximum pitch attitude of an aircraft when the shock absorber is in its
static position is illustrated in Figure B.3. A first line is drawn that is tangent to the aircraft fuselage
and intersects the aircraft pivot point, in this case the bogie joint. A second line is drawn perpendicular
to the ground surface, intersecting the intersection of the first line and aircraft fuselage. Then, a third
line is drawn, extending from the aircraft pivot point, intersecting the second line where it intersects the
ground surface. The maximum aircraft pitch attitude with static shock absorber θmax,statSA is then given
by the circular arc between the two lines that have their origin at the aircraft pivot point, as illustrated
in the figure.

θmax,statSA

Figure B.3: Maximum aircraft pitch angle with fully compressed shock absorber. Image modified from [43].

Themaximumaircraft pitch attitude with extended shock absorber θmax,extSA is estimated using assumed
equal differences between the static and extended shock absorber maximum pitch attitudes compared
to other aircraft. Examples are provided in Table B.2.

Table B.2: Maximum aircraft pitch attitudes with static shock absorber (θmax,statSA) and extended shock absorber (θmax,extSA)
[60].

Aircraft θmax,statSA θmax,extSA
A319 13.9◦ 15.5◦

A320 11.7◦ 13.5◦

A321 9.7◦ 11.2◦

A340-300 10.1◦ 14.2◦





C
Additional Verification and Validation

Study Data

C.1. Reference aircraft gear design initialisation
Table C.1: Reference aircraft geometry specifications, based on Airport Planning Manuals as discussed in Section 4.2 [58, 59].

Item Unit Format A310-200 B707-320
MDSA m (x, y, z) (19.9, 2.8, -1.2) (22.9, 1.9, -1.7)
MDSB m (x, y, z) (23.8, 1.9, -1.2) (23.8, 1.9, -1.7)
MDSC m (x, y, z) (21.9, 7.8, -0.3) (23.8, 4.3, -1.1)
xmlg - xlb ≤ x0 ≤ xub 0.0 ≤ 0.5 ≤ 1.0 0.0 ≤ 0.5 ≤ 1.0
ymlg - xlb ≤ x0 ≤ xub 0.0 ≤ 0.5 ≤ 1.0 0.0 ≤ 0.5 ≤ 1.0
NDSA m (x, y, z) (1.4, 0.0, -1.4) (1.4, 0.0, -1.2)
NDSB m (x, y, z) (8.4, 0.0, -2.5) (6.4, 0.0, -2.2)
xnlg - xlb ≤ x0 ≤ xub 0.0 ≤ 0.5 ≤ 1.0 0.0 ≤ 0.5 ≤ 1.0
srs,min m - 0.02 0.02
scl,min m - 0.27 0.22
sfpb,min m - 0.02 0.02
lfpb m - 1.4 1.4
CCP1 m (x, y, z) (44.9, 0.0, 1.3) (41.2, 0.0, -1.3)
CCP2 m (x, y, z) (35.3, 0.0, -1.8) (37.5, 0.0, -1.8)
CCP3 m (x, y, z) (28.6, 22.0, 0.5) (33.4, 22.2, 0.6)
CCP4 m (x, y, z) (15.0, 7.8, -4.1) (26.7, 15.5, -1.6)
GMCP1 m (x, y, z) (28.6, -22.0, 0.5) (33.4, -22.2. 0.6)
GMCP2 m (x, y, z) (0.0, 0.0, -0.2) (0.0, 0.0, -0.2)
GMCP3 m (x, y, z) (46.7, -8.1, 2.2) (46.6, -7.0, 1.8)
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Top view

100 0 100 200 300

Attachment design space
CG range
CCPs
GMCPs

Front view

Side view

Figure C.1: A310-200 gear attachment design spaces, critical points, and centre of gravity range. Image modified from [43].

-100 0 100 200 300

Attachment design space
CG range
CCPs
GMCPs

Top view Front view

Side view

Figure C.2: Boeing 707-320 gear attachment design spaces, critical points, and centre of gravity range. Image modified from
[43].

Table C.2: Reference aircraft mass specifications, based on Airport Planning Manuals as discussed in Section 4.2 [58, 59].

Item Unit Format A310-200 B707-320
CGfwd m (x, y, z) (19.8, 0.0, -0.7) (21.2, 0.0, -0.6)
CGfwd,%MAC % MAC - 16 8
CGaft m (x, y, z) (20.9, 0.0, -0.7) (22.6, 0.0, -0.6)
CGaft,%MAC % MAC - 35 28
MRM kg - 1.43×105 1.44×105

MTOM kg - 1.42×105 1.42×105

MLM kg - 1.22×105 0.94×105

OEM kg - 0.78×105 0.65×105

MRMrange - (xfwd, xaft) (0.0, 1.0) (0.0, 1.0)
MTOMrange - (xfwd, xaft) (0.0, 1.0) (0.0, 1.0)
MLMrange - (xfwd, xaft) (0.0, 1.0) (0.0, 1.0)
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Table C.3: Reference aircraft operational requirements, based on landing gear background study (Section 2.4) and Airport
Planning Manuals, as discussed in Section 4.2 [42, 43].

Item Unit Format A310-200 B707-320
θtpb,min

◦ - 15.0 15.0
ψtno,max

◦ - 63.0 63.0
ϕmax

◦ - 8.0 8.0
θstat

◦ - 0.0 0.0
θmax,statSA

◦ - 12.0 6.0
θmax,extSA

◦ - 13.8 7.8
β̂nlg,min - xlb ≤ x0 ≤ xub 0.065 ≤ 0.10 ≤ 0.15 0.04 ≤ 0.10 ≤ 0.15
β̂nlg,max - xlb ≤ x0 ≤ xub 0.065 ≤ 0.10 ≤ 0.15 0.04 ≤ 0.10 ≤ 0.15
βmlg,max - - N.A. N.A.
TDG - - 5 4
λsteering

◦ - 65 60
V1 m/s - 90.0 90.0

Table C.4: Reference aircraft strut and bogie concept specifications.

Item Unit Format A310-200 B707-320
Strut - - Concept A Concept A
lss m xlb ≤ x0 ≤ xub 1.0 ≤ 2.0 ≤ 6.0 1.0 ≤ 2.0 ≤ 6.0
θss,ext

◦ xlb ≤ x0 ≤ xub -9.0 ≤ -5.0 ≤ 0.0 -9.0 ≤ -5.0 ≤ 0.0
θss,ret

◦ - 0.0 0.0
ϕss,ret

◦ - -80.0 -86.0
ψmlg,ret

◦ xlb ≤ x0 ≤ xub 0.0 ≤ 0.0 ≤ 0.0 0.0 ≤ 0.0 ≤ 0.0
lus m - N.A. N.A.
θus,ext

◦ xlb ≤ x0 ≤ xub N.A. N.A.
ϕus,ext

◦ xlb ≤ x0 ≤ xub N.A. N.A.
θus,ret

◦ - N.A. N.A.
ϕus,ret

◦ - N.A. N.A.
lhs m - N.A. N.A.
θhs

◦ - N.A. N.A.
Bogie - - Concept A Concept A
loffset m - N.A. N.A.
lineffective m - 0.45 0.45
θnlg,ret

◦ - 110 115

Table C.5: Reference aircraft bogie and tyre sizing specifications.

Item Unit Format A310-200 B707-320
Nmlg,w - - 8 8
Nmlg,ss - - 2 2
lbogie m - 1.40 1.42
wbogie m - 0.93 0.88
Tyremlg - - 46x17.0R20 46x16
Nnlg,w - - 2 2
wnlg m - 0.63 0.56
Tyrenlg - - 40x14R16 39x13
ax,des m/s2 - 3.5 3.5
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Table C.6: Reference aircraft shock absorber sizing specifications.

Item Unit Format A310-200 B707-320
λmlg - - 1.20 1.20
Pmlg,static MPa - 13.8 13.8
bmlg - - 0.10 0.10
λnlg - - 1.30 1.30
Pnlg,static MPa - 13.8 13.8
bnlg - - 0.10 0.10
sFmax - - 0.30 0.30

Table C.7: Reference aircraft special landing gear feature specifications.

Item Unit Format A310-200 B707-320
Articulation - Boolean False False
λmlg,art - - N.A. N.A.
θbogie

◦ xlb ≤ x0 ≤ xub N.A. N.A.
lx,pivot m - N.A. N.A.
lz,pivot m - N.A. N.A.
lmargin,art m - N.A. N.A.
Shortening - Boolean False False
lshortening m - N.A. N.A.
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C.2. Reference aircraft stick model generation
Table C.8: Design vector before and after optimisation.

Variable Unit xlb x0 xub A310-200 B707-320
xmlg - 0.00 0.50 1.00 0.68 0.00
ymlg - 0.00 0.50 1.00 0.38 0.55
xnlg - 0.00 0.50 1.00 0.90 0.47
lss m 1.50 2.00 8.00 3.23 1.72
θss,ext

◦ -9.00 -5.00 0.00 -5.67 0.00
ψmlg,ret

◦ 0.00 0.00 0.00 0.00 0.00
θus,ext

◦ 0.00 0.00 0.00 N.A. N.A.
ϕus,ext

◦ 0.00 0.00 0.00 N.A. N.A.
θbogie

◦ 0.00 0.00 21.0 N.A. N.A.
β̂nlg,min - 0.04 0.10 0.15 0.065 0.043
β̂nlg,max - 0.04 0.10 0.15 0.145 0.109

Table C.9: Stick model generation constraint activity.

Constraint A310-200 B707-320
Longitudinal stability - minimum nlg load Active Inactive
Longitudinal stability - maximum nlg load Inactive Inactive
Longitudinal stability - rotated tipover Active Inactive
Longitudinal stability - push-back tipover Active Inactive
Lateral stability - lateral turnover Inactive Inactive
Ground clearance - static shock absorber Active Active
Ground clearance - extended shock absorber Inactive Inactive
Airframe integration - nlg stowage Inactive Active
Airframe integration - mlg stowage Active Active
Ground manoeuvring - taxiway design group Inactive Inactive
Ground manoeuvring - 180◦ turn Inactive Inactive

Top view Front view

Side view

Figure C.3: A310-200 gear stick model results after optimisation.
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Table C.10: A310-200 gear stick model validation

Item Unit Estimated Actual Est/Act
Xmlg m 21.8 21.9 1.00
Ymlg m 4.72 4.80 0.98
lmlg,static m 3.28 - -
lmlg,extended m 3.80 - -
Xnlg m 7.72 6.67 1.15
lnlg,static m 1.79 - -
lnlg,extended m 2.25 - -

Top view Front view

Side view

Figure C.4: Boeing 707-320 gear stick model results after optimisation.

Table C.11: Boeing 707-320 gear stick model validation

Item Unit Estimated Actual Est/Act
xmlg m 23.4 23.3 1.00
ymlg m 3.22 3.37 0.96
lmlg,static m 1.76 - -
lmlg,extended m 2.31 - -
xnlg m 3.73 5.30 0.70
lnlg,static m 1.54 - -
lnlg,extended m 2.02 - -
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C.3. Finite element model verification
Table C.12: Generic gear model node specifications.

Node x (m) y (m) z (m) Type
O 0.00 0.00 0.00 Hinge
A 0.00 0.00 -1.40 Beam
B 0.00 0.00 -1.80 Beam
C 0.00 0.00 -2.35 Hinge
D 0.10 0.00 0.00 -
E 1.00 0.00 0.00 Beam
F 1.10 0.00 0.00 -
G 1.00 0.00 -0.12 Hinge
H 0.20 0.00 -1.40 Hinge
I 0.00 -0.20 -1.80 Hinge
J 0.00 -1.97 -0.03 -
KL 0.71 -0.44 -2.35 Hinge
KC 0.71 0 -2.35 Beam
KR 0.71 0.44 -2.35 Hinge
LL -0.71 -0.44 -2.35 Hinge
LC -0.71 0 -2.35 Beam
LR -0.71 0.44 -2.35 Hinge
ML 0.71 -0.44 -2.83 -
MR 0.71 0.44 -2.83 -
NL -0.71 -0.44 -2.83 -
NR -0.71 0.44 -2.83 -

General
Shear loads Vx and Vy, axial load Nz, bending momentsMx andMy and torsional load Tz are defined
as illustrated in Figure C.5.

Vx
Mx

Vy

My

Tz Nz
y

z

x

Figure C.5: Structural analysis load definitions.

Bogie beam
Vx,bogie = 0 (C.1)

Vy,bogie = Fz,K = Fz,L (C.2)

Nz,bogie = Fx,K ∨Nz = −Fx,L (C.3)
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Fx,K

Fz,K Fz,L

Fx,LFz,C
Fx,C

Figure C.6: Bogie beam free body diagram.

Mx,bogie = Fz,KlKC = Fz,LlLC (C.4)

My,bogie = 0 (C.5)

Tz,bogie = 0 (C.6)

Shock strut

Fz,H

Fz,C

Fx,C

Fx,H

Fz,O
Fx,O

Figure C.7: Shock strut free body diagram.

Vx,strut = Fx,C (C.7)

Vy,strut = 0 (C.8)

Nz,strut = −(Fz,C + Fz,H) = −(Fz,C +Nz,dragbrace cos (θdragbrace)) (C.9)

Mx,strut = 0 (C.10)

My,strut = −Fx,ClHC (C.11)

Tz,strut = 0 (C.12)
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Drag brace

Fx,H

Fz,H

Fz,G
Fx,G

θdragbrace

Figure C.8: Drag brace free body diagram.

Vx,dragbrace = 0 (C.13)

Vy,dragbrace = 0 (C.14)

Tz,dragbrace =
Fx,H

sin (θdragbrace)
=

Fz,H
cos (θdragbrace)

=
Fx,ClOC

lOH sin (θdragbrace) + lAH cos (θdragbrace)
(C.15)

Mx,dragbrace = 0 (C.16)

My,dragbrace = 0 (C.17)

Tz,dragbrace = 0 (C.18)
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C.4. Gear mass estimation validation
C.4.1. 3D model generation

1.40 m

1.25 m

0.10 m
0.15 m

2.64 m

(a) Right main landing gear, right view.

2.80 m

2.00 m 53°

(b) Right main landing gear, front view.

Figure C.9: A310-200 main gear dimensions, modified from [20].
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(a) Right main landing gear, back view.

A

B

EO

D
F

θdragbrace

x

C

G

H

K L

M N

z

J

(b) Right main landing gear, right view.

Figure C.10: A310-200 main gear model node definitions.
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Table C.13: A310-200 gear model node specifications (static shock absorber position).

Node x (m) y (m) z (m) Type
O 0.000 0.000 0.000 Hinge
A 0.260 0.000 -2.617 Beam
B 0.201 0.000 -2.020 Beam
C 0.324 0.000 -3.263 Hinge
D 0.150 0.009 0.007 -
E -0.997 -0.058 -0.049 Beam
F -1.097 -0.065 -0.054 -
G -0.991 -0.059 -0.169 Hinge
H 0.061 -0.012 -2.637 Hinge
I 0.213 -0.204 -2.019 Hinge
J 0.261 -2.442 -0.336 -
KL 1.023 -0.464 -3.263 Hinge
KC 1.023 0.000 -3.263 Beam
KR 1.023 0.464 -3.263 Hinge
LL -0.374 -0.464 -3.263 Hinge
LC -0.374 0.000 -3.263 Beam
LR -0.374 0.464 -3.263 Hinge
ML 1.023 -0.464 -3.750 -
MR 1.023 0.464 -3.750 -
NL -0.374 -0.464 -3.750 -
NR -0.374 0.464 -3.750 -

1.42 m

0.90 m

1.20 m

0.25 m
0.15 m

(a) Right main landing gear, right view.

2.45 m

1.35 m
42.5°

(b) Right main landing gear, back view.

Figure C.11: Boeing 707-320 main gear dimensions, modified from [20].
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(b) Right main landing gear, right view.

Figure C.12: Boeing 707-320 main gear model node definitions.

Table C.14: Boeing 707-320 gear model node specifications (static shock absorber position).

Node x (m) y (m) z (m) Type
O 0.000 0.000 0.000 Hinge
A 0.000 0.000 -0.920 Beam
B 0.000 0.000 -1.420 Beam
C 0.000 0.000 -1.759 Hinge
D 0.150 0.000 0.000 -
E -0.800 0.000 0.000 Beam
F -1.050 0.000 0.000 -
G -0.800 0.000 -0.120 Hinge
H -0.200 0.000 -0.920 Hinge
I 0.000 -0.200 -1.420 Hinge
J 0.000 -1.890 0.424 -
KL 0.710 -0.440 -1.759 Hinge
KC 0.710 0.000 -1.759 Beam
KR 0.710 0.440 -1.759 Hinge
LL -0.710 -0.440 -1.759 Hinge
LC -0.710 0.000 -1.759 Beam
LR -0.710 0.440 -1.759 Hinge
ML 0.710 -0.440 -2.242 -
MR 0.710 0.440 -2.242 -
NL -0.710 -0.440 -2.242 -
NR -0.710 0.440 -2.242 -
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C.4.2. Structural sizing
Tables C.15 and C.17 describe the external loads on the main landing gear of the A310-200 and the
Boeing 707-320, following from the load cases outlined in Table A.1. Tables C.16 and C.18 describe
the internal loads corresponding to the most critical load case for each structural component. Load
case id (LC ID) specifications SU, SB, IB and OB describe spin-up, spring-back, inboard and outboard
load conditions respectively. Columns mmlg, θ, xs and rtyre describe the mass on the gear, the aircraft
pitch attitude, the shock absorber extension, and the loaded tyre radius. Loads in x and z-direction are
applied to nodes KL, KR, LL and LR. Loads in y-direction are applied to nodes nodes ML, MR, NL and
NR.

Table C.15: Overview of A310-200 external main gear loads.

LC ID mmlg (kg) θ
(◦)

xs
(m)

rtyre
(in)

Fx,KL,KR
(N)

Fx,LL,LR
(N)

Fy,ML,MR
(N)

Fy,NL,NR
(N)

Fz,KL,KR
(N)

Fz,LL,LR
(N)

LVL 1 SU 6.08×104 0.0 0.383 20.2 1.14×105 1.14×105 0.00 0.00 1.79×105 1.79×105

LVL 1 SB 6.08×104 0.0 0.383 20.2 -1.14×105 -1.14×105 0.00 0.00 1.79×105 1.79×105

LVL 2 SU 5.66×104 0.0 0.383 20.4 1.07×105 1.07×105 0.00 0.00 1.67×105 1.67×105

LVL 2 SB 5.66×104 0.0 0.383 20.4 -1.07×105 -1.07×105 0.00 0.00 1.67×105 1.67×105

LVL 3 SU 7.10×104 0.0 0.383 19.6 1.34×105 1.34×105 0.00 0.00 2.09×105 2.09×105

LVL 3 SB 7.10×104 0.0 0.383 19.6 -1.34×105 -1.34×105 0.00 0.00 2.09×105 2.09×105

LVL 4 SU 6.62×104 0.0 0.383 19.9 1.25×105 1.25×105 0.00 0.00 1.95×105 1.95×105

LVL 4 SB 6.62×104 0.0 0.383 19.9 -1.25×105 -1.25×105 0.00 0.00 1.95×105 1.95×105

LAT 1 SU/IB 6.08×104 0.0 0.416 21.7 8.58×104 8.58×104 -3.35×104 -3.35×104 1.34×105 1.34×105

LAT 1 SU/OB 6.08×104 0.0 0.416 21.7 8.58×104 8.58×104 3.35×104 3.35×104 1.34×105 1.34×105

LAT 1 SB/IB 6.08×104 0.0 0.416 21.7 -8.58×104 -8.58×104 -3.35×104 -3.35×104 1.34×105 1.34×105

LAT 1 SB/OB 6.08×104 0.0 0.416 21.7 -8.58×104 -8.58×104 3.35×104 3.35×104 1.34×105 1.34×105

LAT 2 SU/IB 5.66×104 0.0 0.416 21.9 8.00×104 8.00×104 -3.13×104 -3.13×104 1.25×105 1.25×105

LAT 2 SU/OB 5.66×104 0.0 0.416 21.9 8.00×104 8.00×104 3.13×104 3.13×104 1.25×105 1.25×105

LAT 2 SB/IB 5.66×104 0.0 0.416 21.9 -8.00×104 -8.00×104 -3.13×104 -3.13×104 1.25×105 1.25×105

LAT 2 SB/OB 5.66×104 0.0 0.416 21.9 -8.00×104 -8.00×104 3.13×104 3.13×104 1.25×105 1.25×105

TDL 1 SU 6.08×104 13.8 0.383 20.2 1.14×105 1.14×105 0.00 0.00 1.79×105 1.79×105

TDL 1 SB 6.08×104 13.8 0.383 20.2 -1.14×105 -1.14×105 0.00 0.00 1.79×105 1.79×105

TDL 2 SU 7.10×104 13.8 0.383 19.6 1.34×105 1.34×105 0.00 0.00 2.09×105 2.09×105

TDL 2 SB 7.10×104 13.8 0.383 19.6 -1.34×105 -1.34×105 0.00 0.00 2.09×105 2.09×105

OGL 1 SU 6.08×104 0.0 0.383 20.2 1.14×105 1.14×105 0.00 0.00 1.79×105 1.79×105

OGL 1 SB 6.08×104 0.0 0.383 20.2 -1.14×105 -1.14×105 0.00 0.00 1.79×105 1.79×105

OGL 2 SU 7.10×104 0.0 0.383 19.6 1.34×105 1.34×105 0.00 0.00 2.09×105 2.09×105

OGL 2 SB 7.10×104 0.0 0.383 19.6 -1.34×105 -1.34×105 0.00 0.00 2.09×105 2.09×105

SLL 1 IB 6.08×104 0.0 0.383 22.0 0.00 0.00 -7.15×104 -7.15×104 8.94×104 8.94×104

SLL 1 OB 6.08×104 0.0 0.383 22.0 0.00 0.00 5.36×104 3.36×104 8.94×104 8.94×104

SLL 2 IB 7.10×104 0.0 0.383 21.7 0.00 0.00 -8.36×104 -8.36×104 1.04×105 1.04×105

SLL 2 OB 7.10×104 0.0 0.383 21.7 0.00 0.00 6.27×104 6.27×104 1.04×105 1.04×105

GRO 1 6.64×104 0.0 0.044 18.2 0.00 0.00 0.00 0.00 2.77×105 2.77×105

GRO 2 IB 6.64×104 0.0 0.044 18.8 4.98×104 4.98×104 -4.98×104 -4.98×104 2.49×105 2.49×105

GRO 2 OB 6.64×104 0.0 0.044 18.8 4.98×104 4.98×104 4.98×104 4.98×104 2.49×105 2.49×105

BRR 1 6.08×104 0.0 0.044 20.2 1.43×105 1.43×105 0.00 0.00 1.79×105 1.79×105

BRR 2 5.68×104 0.0 0.044 20.4 1.33×105 1.33×105 0.00 0.00 1.67×105 1.67×105

BRR 3 7.15×104 0.0 0.044 20.2 1.40×105 1.40×105 0.00 0.00 1.75×105 1.75×105

BRR 4 6.68×104 0.0 0.044 20.5 1.31×105 1.31×105 0.00 0.00 1.64×105 1.64×105

TRN 1 IB 6.68×104 0.0 0.044 20.5 0.00 0.00 -8.19×104 -8.19×104 1.75×105 1.75×105

TRN 1 OB 6.68×104 0.0 0.044 20.5 0.00 0.00 8.19×104 8.19×104 1.75×105 1.75×105

PVT 1 6.68×104 0.0 0.044 20.5 1.31×105 1.31×105 0.00 0.00 1.64×105 1.64×105

RBR 1 6.68×104 0.0 0.044 20.5 -9.01×104 -9.01×104 0.00 0.00 1.64×105 1.64×105

Table C.16: A310-200 right main landing gear structural loads for critical load case in each component.

Member LC ID Vx (N) Vy (N) Nz (N) Mx (N) My (N) Tz (N) Failure mode
Trunnion LVL 3 SU 1.45×104 2.66×106 6.79×105 2.68×105 -8.13×103 3.30×102 Stress
Cylinder LVL 3 SU 6.03×105 3.56×104 2.92×106 3.79×104 -6.51×105 -9.55×103 Stress
Piston TDL 2 SB -6.59×105 0.00 -7.42×106 0.00 5.80×105 0.00 Stress
Bogie beam GRO 1 0.00 5.54×105 0.00 3.86×105 0.00 0.00 Stress
Wheel axle GRO 2 IB 4.98×104 2.49×105 4.98×104 -1.39×105 2.30×104 0.00 Stress
Drag brace TDL 2 SB -1.84×103 0.00 -2.46×106 0.00 -5.00×103 4.13×101 Buckling
Side brace LVL 3 SU 1.28×104 0.00 -8.20×105 0.00 2.50×103 -7.19×102 Machinability
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Table C.17: Overview of Boeing 707-320 external main gear loads.

LC ID mmlg (kg) θ
(◦)

xs
(m)

rtyre
(in)

Fx,KL,KR
(N)

Fx,LL,LR
(N)

Fy,ML,MR
(N)

Fy,NL,NR
(N)

Fz,KL,KR
(N)

Fz,LL,LR
(N)

LVL 1 SU 4.70×104 0.0 0.392 20.4 8.85×104 8.85×104 0.00 0.00 1.38×105 1.38×105

LVL 1 SB 4.70×104 0.0 0.392 20.4 -8.85×104 -8.85×104 0.00 0.00 1.38×105 1.38×105

LVL 2 SU 4.50×104 0.0 0.392 20.5 8.48×104 8.48×104 0.00 0.00 1.33×105 1.33×105

LVL 2 SB 4.50×104 0.0 0.392 20.5 -8.48×104 -8.48×104 0.00 0.00 1.33×105 1.33×105

LVL 3 SU 7.09×104 0.0 0.392 19.2 1.33×105 1.33×105 0.00 0.00 2.09×105 2.09×105

LVL 3 SB 7.09×104 0.0 0.392 19.2 -1.33×105 -1.33×105 0.00 0.00 2.09×105 2.09×105

LVL 4 SU 6.79×104 0.0 0.392 19.4 1.28×105 1.28×105 0.00 0.00 2.00×105 2.00×105

LVL 4 SB 6.79×104 0.0 0.392 19.4 -1.28×105 -1.28×105 0.00 0.00 2.00×105 2.00×105

LAT 1 SU/IB 4.70×104 0.0 0.427 21.4 6.64×104 6.64×104 -2.59×104 -2.59×104 1.04×105 1.04×105

LAT 1 SU/OB 4.70×104 0.0 0.427 21.4 6.64×104 6.64×104 2.59×104 2.59×104 1.04×105 1.04×105

LAT 1 SB/IB 4.70×104 0.0 0.427 21.4 -6.64×104 -6.64×104 -2.59×104 -2.59×104 1.04×105 1.04×105

LAT 1 SB/OB 4.70×104 0.0 0.427 21.4 -6.64×104 -6.64×104 2.59×104 2.59×104 1.04×105 1.04×105

LAT 2 SU/IB 4.50×104 0.0 0.427 21.4 6.36×104 6.36×104 -2.49×104 -2.49×104 9.94×104 9.94×104

LAT 2 SU/OB 4.50×104 0.0 0.427 21.4 6.36×104 6.36×104 2.49×104 2.49×104 9.94×104 9.94×104

LAT 2 SB/IB 4.50×104 0.0 0.427 21.4 -6.36×104 -6.36×104 -2.49×104 -2.49×104 9.94×104 9.94×104

LAT 2 SB/OB 4.50×104 0.0 0.427 21.4 -6.36×104 -6.36×104 2.49×104 2.49×104 9.94×104 9.94×104

TDL 1 SU 4.70×104 7.8 0.392 20.4 8.85×104 8.85×104 0.00 0.00 1.38×105 1.38×105

TDL 1 SB 4.70×104 7.8 0.392 20.4 -8.85×104 -8.85×104 0.00 0.00 1.38×105 1.38×105

TDL 2 SU 7.09×104 7.8 0.392 19.2 1.33×105 1.33×105 0.00 0.00 2.09×105 2.09×105

TDL 2 SB 7.09×104 7.8 0.392 19.2 -1.33×105 -1.33×105 0.00 0.00 2.09×105 2.09×105

OGL 1 SU 4.70×104 0.0 0.392 20.4 8.85×104 8.85×104 0.00 0.00 1.38×105 1.38×105

OGL 1 SB 4.70×104 0.0 0.392 20.4 -8.85×104 -8.85×104 0.00 0.00 1.38×105 1.38×105

OGL 2 SU 7.09×104 0.0 0.392 19.2 1.33×105 1.33×105 0.00 0.00 2.09×105 2.09×105

OGL 2 SB 7.09×104 0.0 0.392 19.2 -1.33×105 -1.33×105 0.00 0.00 2.09×105 2.09×105

SLL 1 IB 4.70×104 0.0 0.392 21.5 0.00 0.00 -5.53×104 -5.43×104 6.92×104 6.92×104

SLL 1 OB 4.70×104 0.0 0.392 21.5 0.00 0.00 4.15×104 4.15×104 6.92×104 6.92×104

SLL 2 IB 7.09×104 0.0 0.392 20.9 0.00 0.00 -8.34×104 -8.34×104 1.04×105 1.04×105

SLL 2 OB 7.09×104 0.0 0.392 20.9 0.00 0.00 6.26×104 6.26×104 1.04×105 1.04×105

GRO 1 6.79×104 0.0 0.035 18.0 0.00 0.00 0.00 0.00 2.83×105 2.83×105

GRO 2 IB 6.79×104 0.0 0.035 18.5 5.10×104 5.10×104 -5.10×104 -5.10×104 2.55×105 2.55×105

GRO 2 OB 6.79×104 0.0 0.035 18.5 5.10×104 5.10×104 5.10×104 5.10×104 2.55×105 2.55×105

BRR 1 4.70×104 0.0 0.035 20.2 1.43×105 1.43×105 0.00 0.00 1.79×105 1.79×105

BRR 2 4.50×104 0.0 0.035 20.4 1.34×105 1.34×105 0.00 0.00 1.67×105 1.67×105

BRR 3 7.18×104 0.0 0.035 20.2 1.40×105 1.40×105 0.00 0.00 1.75×105 1.75×105

BRR 4 6.88×104 0.0 0.035 20.5 1.31×105 1.31×105 0.00 0.00 1.64×105 1.64×105

TRN 1 IB 6.88×104 0.0 0.035 20.5 0.00 0.00 -8.19×104 -8.19×104 1.64×105 1.64×105

TRN 1 OB 6.88×104 0.0 0.035 20.5 0.00 0.00 8.19×104 8.19×104 1.64×105 1.64×105

PVT 1 6.88×104 0.0 0.035 20.5 1.31×105 1.31×105 0.00 0.00 1.64×105 1.64×105

RBR 1 6.88×104 0.0 0.035 20.5 -9.01×104 -9.01×104 0.00 0.00 1.64×105 1.64×105

Table C.18: Boeing 707-320 right main landing gear structural loads for critical load case in each component.

Member LC ID Vx (N) Vy (N) Nz (N) Mx (N) My (N) Tz (N) Failure mode
Trunnion LVL 3 SU 8.91×103 1.89×106 7.17×105 1.90×105 8.23×103 -1.99×103 Stress
Cylinder TDL 2 SU -6.51×105 -2.55×103 8.32×105 1.20×103 8.12×105 -1.07×104 Stress
Piston TDL 2 SB -6.42×105 0.00 -7.54×105 0.00 4.44×105 0.00 Stress
Bogie beam GRO 1 0.00 5.66×105 0.00 4.01×105 0.00 0.00 Stress
Wheel axle GRO 1 IB 5.10×104 2.55×105 5.10×104 -1.36×105 2.23×104 0.00 Stress
Drag brace TDL 2 SB 2.55×103 0.00 -1.98×106 0.00 1.81×103 4.16×102 Stress
Side brace TRN 1 IB 1.84×102 0.00 -6.78×105 0.00 -2.59×102 -7.59×101 Buckling
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Figure D.1: FV-800 baseline gear loading diagram.
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Figure D.2: FV-900 baseline gear loading diagram.
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Figure D.3: FV-900 wing tip, nose, nose gear, left main gear and right main gear turning radii for a right turn with maximum
nose gear steering angle.
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D.1.2. 3D Model Generation
Table D.1: FV-1000 baseline gear model node specifications (static position). Nodes are defined as illustrated in Figure 5.14.

Node x (m) y (m) z (m) Type Node x (m) y (m) z (m) Type
O1 0.000 0.000 0.000 Beam S7 1.064 0.000 -4.914 Beam
D1 0.323 -1.092 0.161 - S8 1.074 0.000 -5.064 Beam
D2 0.281 -0.949 0.140 Beam A1 0.687 0.000 -4.540 Hinge
D3 -0.281 0.949 -0.140 Beam A2 0.824 0.000 -4.931 Hinge
D4 -0.323 1.092 -0.161 - A3 -0.008 0.000 -4.671 Hinge
D5 1.490 -0.541 -1.656 Hinge A4 -0.064 0.000 -4.605 Beam
D6 0.219 0.541 -2.181 Hinge A5 -0.108 0.000 -4.679 Hinge
C1 2.566 0.039 0.364 - A6 0.316 0.000 -5.496 Hinge
C2 1.229 1.081 -0.301 - B1 1.106 0.000 -5.517 Hinge
C3 1.570 -0.521 -1.436 Hinge B2 1.091 0.000 -5.797 Beam
C4 0.299 0.561 -1.961 Hinge B3 0.302 0.000 -5.756 Beam
C5 2.590 1.018 -1.350 - KL 2.100 -0.810 -5.850 Hinge
C6 1.305 0.282 -4.727 Universal KC 2.100 0.000 -5.850 Beam
C7 1.328 0.282 -5.046 Beam KR 2.100 0.810 -5.850 Hinge
O2 0.854 0.000 -1.918 Beam LL 0.083 -0.810 -5.744 Hinge
S1 1.327 -0.403 -1.723 Beam LC 0.083 0.000 -5.744 Beam
S2 0.404 0.383 -2.104 Beam LR 0.083 0.810 -5.744 Hinge
S3 1.129 -0.119 -3.796 Beam ML 2.070 -0.810 -6.417 -
S4 0.986 0.000 -3.806 Beam MR 2.070 0.810 -6.417 -
S5 0.843 0.119 -3.816 Beam NL 0.053 -0.810 -6.311 -
S6 1.036 0.000 -4.515 Beam NR 0.053 0.810 -6.311 -
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D.1.3. Structural Sizing
Tables D.3 describes the external loads on the FV-1000 baseline concept right main landing gear, fol-
lowing from the load cases outlined in Table A.1. Table D.2 describes the internal loads corresponding
to the most critical load case for each structural component. Load case id (LC ID) specifications SU, SB,
IB and OB describe spin-up, spring-back, inboard and outboard load conditions respectively. For land-
ing load cases, P1 indicates the initial (de-articulation) shock absorber compression phase, with only
two wheels on the ground. P2 represents the second phase, with all wheels on the ground. Columns
mmlg, θ, xs and rtyre describe the mass on the gear, the aircraft pitch attitude, the shock absorber ex-
tension, and the loaded tyre radius. Loads in x and z-direction are applied to nodes KL, KR, LL and LR.
Loads in y-direction are applied to nodes nodes ML, MR, NL and NR.

Table D.2: FV-1000 baseline concept right main landing gear structural loads for critical load case in each component.

Member LC ID Vx (N) Vy (N) Nz (N) Mx (N) My (N) Tz (N) Failure mode
Upper strut trunnion BRR 3 1.09×106 -2.43×106 -3.86×105 -3.30×105 -1.26×105 -1.04×104 Stress
Drop link member 1 GRO 2 IB 1.75×104 4.12×104 -2.30×106 -6.17×104 2.12×104 3.95×103 Stress
Drop link member 2 GRO 2 IB 3.77×103 2.91×104 3.81×105 -3.85×104 9.28×103 3.94×103 Stress
Drop link member 3 None - - - - - - Machinability
Drop link member 4 BRR 3 -2.34×104 3.51×104 2.62×106 2.92×104 -3.01×104 1.20×103 Stress
Drop link brace 1 None - - - - - - Machinability
Drop link brace 2 GRO 2 IB 3.90×104 2.99×103 -2.07×106 -3.85×102 5.90×104 -4.79×103 Stress
Shock strut trunnion GRO 2 IB 6.47×104 3.20×106 -1.03×106 -6.01×105 7.49×104 3.94×103 Stress
Shock strut cylinder GRO 2 IB -5.20×105 7.29×105 -2.23×106 -1.49×106 -1.40×106 -7.46×104 Stress
Shock strut piston BRR 3 3.76×103 1.71×106 -1.85×106 -1.26×106 -3.95×104 -3.37×104 Stress
Shock strut brace 1 GRO 2 IB 1.93×103 -4.26×102 -1.08×105 0.00 0.00 0.00 Stress
Shock strut brace 2 BRR 4 -4.58×104 -7.94×104 -3.42×106 -9.14×104 2.48×104 9.07×103 Stress
Shock strut brace 3 BRR 3 4.05×104 2.59×103 -2.80×106 0.00 0.00 0.00 Buckling
Bogie beam GRO 1 3.30×102 1.33×106 4.83×101 1.35×106 -5.89×102 -2.15×102 Stress
Aft wheel axle GRO 2 IB/OB -1.51×105 5.94×105 1.20×105 5.35×105 1.24×105 5.74×103 Stress
Front wheel axle GRO 2 IB/OB -1.51×105 5.94×105 1.20×105 5.35×105 1.24×105 5.74×103 Stress
AM member 1 LVL 3 P1 SU 9.35×103 -8.24×104 1.61×106 -3.34×104 1.32×103 8.27×102 Stress
AM member 2 LVL 3 P1 SU 1.65×103 -4.20×104 -1.63×106 -4.56 5.17×102 5.59×101 Stress
AM member 3 SSL 2 P1 IB -3.20×104 2.02×103 3.17×105 -4.00×102 -3.04×104 -1.54×103 Stress
Shortening members GRO 1 0.00 0.00 -2.65×106 0.00 0.00 0.00 Stress
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Table D.3: Overview of FV-1000 baseline concept external main gear loads.

LC ID mmlg (kg) θ
(◦)

xs
(m)

rtyre
(in)

Fx,KL,KR
(N)

Fx,LL,LR
(N)

Fy,ML,MR
(N)

Fy,NL,NR
(N)

Fz,KL,KR
(N)

Fz,LL,LR
(N)

LVL 1 P1 SU 1.00×105 0 0.602 27.1 1.10×105 0.00 0.00 0.00 1.72×105 0.00
LVL 1 P1 SB 1.00×105 0 0.602 27.1 -1.10×105 0.00 0.00 0.00 1.72×105 0.00
LVL 1 P2 SU 1.00×105 0 0.192 24.2 6.74×104 1.73×105 0.00 0.00 2.70×105 2.70×105

LVL 1 P2 SB 1.00×105 0 0.192 24.2 6.74×104 -1.73×105 0.00 0.00 2.70×105 2.70×105

LVL 2 P1 SU 8.99×104 -3 0.602 27.2 9.88×104 0.00 0.00 0.00 1.54×105 0.00
LVL 2 P1 SB 8.99×104 -3 0.602 27.2 -9.88×104 0.00 0.00 0.00 1.54×105 0.00
LVL 2 P2 SU 9.29×104 -3 0.192 24.5 6.27×104 1.60×105 0.00 0.00 2.51×105 2.51×105

LVL 2 P2 SB 9.29×104 -3 0.192 24.5 6.27×104 -1.60×105 0.00 0.00 2.51×105 2.51×105

LVL 3 P1 SU 1.33×105 0 0.602 26.7 1.46×105 0.00 0.00 0.00 2.28×105 0.00
LVL 3 P1 SB 1.33×105 0 0.602 26.7 -1.46×105 0.00 0.00 0.00 2.28×105 0.00
LVL 3 P2 SU 1.33×105 0 0.192 22.9 8.97×104 2.30×105 0.00 0.00 3.59×105 3.59×105

LVL 3 P2 SB 1.33×105 0 0.192 22.9 8.97×104 -2.30×105 0.00 0.00 3.59×105 3.59×105

LVL 4 P1 SU 1.20×105 -3 0.602 26.8 1.31×105 0.00 0.00 0.00 2.05×105 0.00
LVL 4 P1 SB 1.20×105 -3 0.602 26.8 -1.31×105 0.00 0.00 0.00 2.05×105 0.00
LVL 4 P2 SU 1.24×105 -3 0.192 23.3 8.34×104 2.13×105 0.00 0.00 3.33×105 3.33×105

LVL 4 P2 SB 1.24×105 -3 0.192 23.3 8.34×104 -2.13×105 0.00 0.00 3.33×105 3.33×105

LAT 1 P1 SU/IB 1.00×105 0 0.633 27.4 8.24×104 0.00 -3.22×104 0.00 1.29×105 0.00
LAT 1 P1 SU/OB 1.00×105 0 0.633 27.4 8.24×104 0.00 3.22×104 0.00 1.29×105 0.00
LAT 1 P1 SB/IB 1.00×105 0 0.633 27.4 -8.24×104 0.00 -3.22×104 0.00 1.29×105 0.00
LAT 1 P1 SB/OB 1.00×105 0 0.633 27.4 -8.24×104 0.00 3.22×104 0.00 1.29×105 0.00
LAT 1 P2 SU/IB 1.00×105 0 0.201 25.3 8.09×104 1.29×105 -5.06×104 -5.06×104 2.02×105 2.02×105

LAT 1 P2 SU/OB 1.00×105 0 0.201 25.3 8.09×104 1.29×105 5.06×104 5.06×104 2.02×105 2.02×105

LAT 1 P2 SB/IB 1.00×105 0 0.201 25.3 8.09×104 -1.29×105 -5.06×104 -5.06×104 2.02×105 2.02×105

LAT 1 P2 SB/OB 1.00×105 0 0.201 25.3 8.09×104 -1.29×105 5.06×104 5.06×104 2.02×105 2.02×105

LAT 2 P1 SU/IB 8.99×104 -3 0.633 27.5 7.41×104 0.00 -2.89×104 0.00 1.16×105 0.00
LAT 2 P1 SU/OB 8.99×104 -3 0.633 27.5 7.41×104 0.00 2.89×104 0.00 1.16×105 0.00
LAT 2 P1 SB/IB 8.99×104 -3 0.633 27.5 -7.41×104 0.00 -2.89×104 0.00 1.16×105 0.00
LAT 2 P1 SB/OB 8.99×104 -3 0.633 27.5 -7.41×104 0.00 2.89×104 0.00 1.16×105 0.00
LAT 2 P2 SU/IB 9.29×104 -3 0.201 25.5 7.52×104 1.20×105 -4.70×104 -4.70×104 1.88×105 1.88×105

LAT 2 P2 SU/OB 9.29×104 -3 0.201 25.5 7.52×104 1.20×105 4.70×104 4.70×104 1.88×105 1.88×105

LAT 2 P2 SB/IB 9.29×104 -3 0.201 25.5 7.52×104 -1.20×105 -4.70×104 -4.70×104 1.88×105 1.88×105

LAT 2 P2 SB/OB 9.29×104 -3 0.201 25.5 7.52×104 -1.20×105 4.70×104 4.70×104 1.88×105 1.88×105

TDL 1 P1 SU 1.00×105 14 0.602 27.1 1.10×105 0.00 0.00 0.00 1.72×105 0.00
TDL 1 P1 SB 1.00×105 14 0.602 27.1 -1.10×105 0.00 0.00 0.00 1.72×105 0.00
TDL 1 P2 SU 1.00×105 14 0.192 24.2 0.00 1.73×105 0.00 0.00 2.70×105 2.70×105

TDL 1 P2 SB 1.00×105 14 0.192 24.2 0.00 -1.73×105 0.00 0.00 2.70×105 2.70×105

TDL 2 P1 SU 1.33×105 14 0.602 26.7 1.46×105 0.00 0.00 0.00 2.28×105 0.00
TDL 2 P1 SB 1.33×105 14 0.602 26.7 -1.46×105 0.00 0.00 0.00 2.28×105 0.00
TDL 2 P2 SU 1.33×105 14 0.192 22.9 0.00 2.30×105 0.00 0.00 3.59×105 3.59×105

TDL 2 P2 SB 1.33×105 14 0.192 22.9 0.00 -2.30×105 0.00 0.00 3.59×105 3.59×105

OGL 1 P1 SU 1.00×105 0 0.602 27.1 1.10×105 0.00 0.00 0.00 1.72×105 0.00
OGL 1 P1 SB 1.00×105 0 0.602 27.1 -1.10×105 0.00 0.00 0.00 1.72×105 0.00
OGL 1 P2 SU 1.00×105 0 0.192 24.2 6.74×104 1.73×105 0.00 0.00 2.70×105 2.70×105

OGL 1 P2 SB 1.00×105 0 0.192 24.2 6.74×104 -1.73×105 0.00 0.00 2.70×105 2.70×105

OGL 2 P1 SU 1.33×105 0 0.602 26.7 1.46×105 0.00 0.00 0.00 2.28×105 0.00
OGL 2 P1 SB 1.33×105 0 0.602 26.7 -1.46×105 0.00 0.00 0.00 2.28×105 0.00
OGL 2 P2 SU 1.33×105 0 0.192 22.9 8.97×104 2.30×105 0.00 0.00 3.59×105 3.59×105

OGL 2 P2 SB 1.33×105 0 0.192 22.9 8.97×104 -2.30×105 0.00 0.00 3.59×105 3.59×105

SLL 1 P1 IB 1.00×105 0 0.602 27.8 0.00 0.00 -6.87×104 0.00 8.58×104 0.00
SLL 1 P1 OB 1.00×105 0 0.602 27.8 0.00 0.00 5.15×104 0.00 8.58×104 0.00
SLL 1 P2 IB 1.00×105 0 0.192 26.3 0.00 0.00 -2.16×105 -2.16×105 1.35×105 1.35×105

SLL 1 P2 OB 1.00×105 0 0.192 26.3 0.00 0.00 1.62×105 1.62×105 1.35×105 1.35×105

SLL 2 P1 IB 1.33×105 0 0.602 27.5 0.00 0.00 -9.13×104 0.00 1.14×105 0.00
SLL 2 P1 OB 1.33×105 0 0.602 27.5 0.00 0.00 6.85×104 0.00 1.14×105 0.00
SLL 2 P2 IB 1.33×105 0 0.192 25.6 0.00 0.00 -1.44×105 -1.44×105 1.79×105 1.79×105

SLL 2 P2 OB 1.33×105 0 0.192 25.6 0.00 0.00 1.08×105 1.08×105 1.79×105 1.79×105

GRO 1 1.24×105 -3 0.054 18.1 0.00 0.00 0.00 0.00 6.67×105 6.67×105

GRO 2 IB 1.24×105 -3 0.054 19.1 1.20×105 1.20×105 -1.20×105 -1.20×105 6.01×105 6.01×105

GRO 2 OB 1.24×105 -3 0.054 19.1 1.20×105 1.20×105 1.20×105 1.20×105 6.01×105 6.01×105

BRR 1 1.00×105 0 0.054 22.0 3.34×105 3.34×105 0.00 0.00 4.17×105 4.17×105

BRR 2 9.30×104 -3 0.054 22.4 3.10×105 3.10×105 0.00 0.00 3.88×105 3.88×105

BRR 3 1.34×105 0 0.054 20.8 3.93×105 3.93×105 0.00 0.00 4.91×105 4.91×105

BRR 4 1.24×105 -3 0.054 21.3 3.65×105 3.65×105 0.00 0.00 4.57×105 4.57×105

TRN 1 IB 1.24×105 -3 0.054 23.7 0.00 0.00 -1.52×105 -1.52×105 3.05×105 3.05×105

TRN 1 OB 1.24×105 -3 0.054 23.7 0.00 0.00 1.52×105 1.52×105 3.05×105 3.05×105

PIV 1 1.24×105 -3 0.054 21.3 3.65×105 3.65×105 0.00 0.00 4.57×105 4.57×105

RBR 1 1.24×105 -3 0.054 23.7 -1.67×105 -1.67×105 0.00 0.00 3.05×105 3.05×105
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D.2. Gear Concept Variations
D.2.1. Gear Model Generation
6-Wheel Bogie Concept

Figure D.4: FV-1000 main landing gear 6-wheel bogie concept (C2) retraction kinematics, left view, back view and top view.
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Table D.4: FV-1000 6-wheel bogie concept (C2) gear model node specifications (static position). Nodes are defined as
illustrated in Figure 5.14.

Node x (m) y (m) z (m) Type Node x (m) y (m) z (m) Type
O1 0.000 0.000 0.000 Beam A1 0.584 0.000 -4.248 Hinge
D1 0.366 -1.054 0.277 - A2 0.722 0.000 -4.639 Hinge
D2 0.318 -0.917 0.241 Beam A3 -0.394 0.000 -4.141 Hinge
D3 -0.318 0.917 -0.241 Beam A4 -0.431 0.000 -4.063 Beam
D4 -0.366 1.054 -0.277 - A5 -0.492 0.000 -4.123 Hinge
D5 1.394 -0.543 -1.447 Hinge A6 -0.175 0.000 -5.197 Hinge
D6 0.119 0.543 -1.951 Hinge B1 1.004 0.000 -5.339 Hinge
C1 2.395 0.217 0.373 - B2 0.989 0.000 -5.518 Beam
C2 1.004 1.263 -0.131 - B3 -0.189 0.000 -5.457 Beam
C3 1.474 -0.523 -1.227 Hinge KL 2.387 -0.735 -5.592 Hinge
C4 0.199 0.563 -1.731 Hinge KC 2.387 0.000 -5.592 Beam
C5 2.135 1.200 -1.200 - KR 2.387 0.735 -5.592 Hinge
C6 1.224 0.231 -4.434 Universal LL -0.409 -0.735 -5.445 Hinge
C7 1.246 0.231 -4.753 Beam LC -0.409 0.000 -5.445 Beam
O2 0.757 0.000 -1.699 Beam LR -0.409 0.735 -5.445 Hinge
S1 1.265 -0.433 -1.498 Beam ML 2.360 -0.735 -6.120 -
S2 0.350 0.346 -1.860 Beam MR 2.360 0.735 -6.120 -
S3 1.028 -0.119 -3.533 Beam NL -0.436 -0.735 -5.973 -
S4 0.885 0.000 -3.543 Beam NR -0.436 0.735 -5.973 -
S5 0.743 0.119 -3.553 Beam PL

1 0.989 -0.735 -5.518 Beam
S6 0.993 0.000 -4.224 Beam PR

1 0.989 0.735 -5.518 Beam
S7 0.961 0.000 -4.623 Beam QL

2 0.962 -0.735 -6.047 -
S8 0.971 0.000 -4.772 Beam QR

2 0.962 0.735 -6.047 -
1 Centre wheel axle.
2 Centre tyres.
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Bogie Articulation Exclusion Concept

Figure D.5: FV-1000 main landing gear bogie articulation exclusion concept (C3) retraction kinematics, left view, back view
and top view.

Table D.5: FV-1000 bogie articulation exclusion concept (C3) gear model node specifications (static position). Nodes are
defined as illustrated in Figure 5.14.

Node x (m) y (m) z (m) Type Node x (m) y (m) z (m) Type
O1 0.000 0.000 0.000 Beam S3 1.287 -0.119 -4.390 Beam
D1 0.324 -1.091 0.164 - S4 1.144 0.000 -4.400 Beam
D2 0.282 -0.949 0.143 Beam S5 1.001 0.119 -4.410 Beam
D3 -0.282 0.949 -0.143 Beam S8 1.245 0.000 -5.847 Beam
D4 -0.324 1.091 -0.164 - B1 1.276 0.000 -6.287 Hinge
D5 1.628 -0.541 -1.967 Hinge B2 1.262 0.000 -6.566 Beam
D6 0.357 0.541 -2.491 Hinge KL 2.270 -0.810 -6.619 Hinge
C1 3.064 0.158 0.093 - KC 2.270 0.000 -6.619 Beam
C2 1.706 1.221 -0.391 - KR 2.270 0.810 -6.619 Hinge
C3 1.708 -0.521 -1.747 Hinge LL 0.254 -0.810 -6.514 Hinge
C4 0.437 0.561 -2.271 Hinge LC 0.254 0.000 -6.514 Beam
C5 3.339 1.120 -1.420 - LR 0.254 0.810 -6.514 Hinge
C6 1.498 0.231 -5.508 Universal ML 2.240 -0.810 -7.186 -
C7 1.521 0.231 -5.828 Beam MR 2.240 0.810 -7.186 -
O2 0.992 0.000 -2.229 Beam NL 0.223 -0.810 -7.081 -
S1 1.465 -0.403 -2.034 Beam NR 0.223 0.810 -7.081 -
S2 0.542 0.383 -2.415 Beam
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Strut Shortening Exclusion Concept

Figure D.6: FV-1000 main landing gear strut shortening exclusion concept (C4) retraction kinematics, left view, back view and
top view.

Table D.6: FV-1000 strut shortening exclusion concept (C4) gear model node specifications (static position). Nodes are
defined as illustrated in Figure 5.14.

Node x (m) y (m) z (m) Type Node x (m) y (m) z (m) Type
O1 0.000 0.000 0.000 Beam S7 1.170 0.000 -4.971 Beam
D1 0.335 -1.083 0.194 - S8 1.181 0.000 -5.121 Beam
D2 0.292 -0.942 0.168 Beam A1 0.793 0.000 -4.597 Hinge
D3 -0.292 0.942 -0.168 Beam A2 0.931 0.000 -4.988 Hinge
D4 -0.335 1.083 -0.194 - A3 -0.010 0.000 -4.522 Hinge
D5 1.612 -0.541 -1.930 Hinge A4 -0.046 0.000 -4.444 Beam
D6 0.341 0.541 -2.455 Hinge A5 -0.108 0.000 -4.504 Hinge
C1 2.825 0.159 0.130 - A6 0.423 0.000 -5.552 Hinge
C2 1.466 1.221 -0.355 - B1 1.213 0.000 -5.574 Hinge
C3 1.692 -0.521 -1.710 Hinge B2 1.198 0.000 -5.853 Beam
C4 0.421 0.561 -2.235 Hinge B3 0.409 0.000 -5.812 Beam
C5 3.429 1.160 -1.420 - KL 2.207 -0.810 -5.906 Hinge
C6 1.434 0.231 -4.783 Universal KC 2.207 0.000 -5.906 Beam
C7 1.456 0.231 -5.102 Beam KR 2.207 0.810 -5.906 Hinge
O2 0.976 0.000 -2.193 Beam LL 0.189 -0.810 -5.800 Hinge
S1 1.449 -0.403 -1.997 Beam LC 0.189 0.000 -5.800 Beam
S2 0.526 0.383 -2.378 Beam LR 0.189 0.810 -5.800 Hinge
S3 1.242 -0.119 -3.940 Beam ML 2.177 -0.810 -6.473 -
S4 1.099 0.000 -3.950 Beam MR 2.177 0.810 -6.473 -
S5 0.956 0.119 -3.960 Beam NL 0.160 -0.810 -6.367 -
S6 1.143 0.000 -4.572 Beam NR 0.160 0.810 -6.367 -
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Reverse Stowage Concept
Table D.7: FV-1000 reverse stowage concept (C5) gear model node specifications (static position). Nodes are defined as

illustrated in Figure 5.14.

Node x (m) y (m) z (m) Type Node x (m) y (m) z (m) Type
O1 0.000 0.000 0.000 Beam S7 -0.315 0.000 -4.813 Beam
D1 0.102 1.076 0.391 - S8 -0.304 0.000 -4.963 Beam
D2 0.089 0.936 0.340 Beam A1 -0.692 0.000 -4.439 Hinge
D3 -0.089 -0.936 -0.340 Beam A2 -0.554 0.000 -4.830 Hinge
D4 -0.102 -1.076 -0.391 - A3 -1.387 0.000 -4.570 Hinge
D5 0.162 0.517 -1.995 Hinge A4 -1.443 0.000 -4.504 Beam
D6 -1.209 -0.517 -1.657 Hinge A5 -1.486 0.000 -4.578 Hinge
C1 -1.397 0.017 0.085 - A6 -1.063 0.000 -5.395 Hinge
C2 -2.425 -0.977 0.223 - B1 -0.273 0.000 -5.416 Hinge
C3 0.242 0.537 -1.775 Hinge B2 -0.287 0.000 -5.696 Beam
C4 -1.129 -0.497 -1.437 Hinge B3 -1.076 0.000 -5.655 Beam
C5 -2.587 1.150 -1.450 - KL 0.721 -0.810 -5.749 Hinge
C6 -0.581 0.255 -4.662 Universal KC 0.721 0.000 -5.749 Beam
C7 -0.558 0.255 -4.981 Beam KR 0.721 0.810 -5.749 Hinge
O2 -0.524 0.000 -1.826 Beam LL -1.296 -0.810 -5.643 Hinge
S1 -0.014 0.384 -1.952 Beam LC -1.296 0.000 -5.643 Beam
S2 -1.009 -0.366 -1.707 Beam LR -1.296 0.810 -5.643 Hinge
S3 -0.245 0.113 -3.698 Beam ML 0.692 -0.810 -6.316 -
S4 -0.392 0.000 -3.708 Beam MR 0.692 0.810 -6.316 -
S5 -0.539 -0.113 -3.719 Beam NL -1.326 -0.810 -6.210 -
S6 -0.343 0.000 -4.414 Beam NR -1.326 0.810 -6.210 -
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D.2.2. Structural Sizing
6-Wheel Bogie Concept

Table D.8: FV-1000 6-wheel bogie concept (C2) right main landing gear structural loads for critical load case in each
component.

Member LC ID Vx (N) Vy (N) Nz (N) Mx (N) My (N) Tz (N) Failure mode
Upper strut trunnion BRR 3 1.38×106 -3.19×106 -4.72×105 -4.21×105 -1.51×105 -2.02×101 Stress
Drop link member 1 GRO 2 IB 3.35×101 4.50×101 -2.54×106 -6.23×101 4.03×101 3.48×103 Stress
Drop link member 2 GRO 2 IB -2.10×103 8.57×103 6.05×105 1.17×101 5.49×103 1.04×103 Stress
Drop link member 3 None - - - - - - Machinability
Drop link member 4 BRR 3 -4.75×101 7.50×101 3.41×106 -6.17×101 -4.39×101 2.60×103 Stress
Drop link brace 1 BRR 3 4.01×101 -1.07×103 -2.33×105 -3.76×101 4.36×101 -9.46×102 Stress
Drop link brace 2 GRO 2 IB 5.11×101 3.50×103 -1.88×106 -3.19×102 6.83×101 -4.01×103 Stress
Shock strut trunnion BRR 3 6.34×101 3.13×106 8.25×105 8.52×105 3.24×101 -2.45×103 Stress
Shock strut cylinder BRR 3 -8.17×105 8.30×105 7.01×105 -1.91×106 -1.38×106 -3.52×101 Stress
Shock strut piston BRR 3 3.62×102 1.71×106 -1.85×106 -1.29×106 -4.09×101 -3.85×101 Stress
Shock strut brace 1 GRO 2 IB -2.56×101 -1.23×103 4.01×106 6.62×101 1.59×101 5.44×103 Stress
Shock strut brace 2 BRR 3 -4.14×101 -1.45×105 -4.21×106 -1.45×105 2.65×101 1.06×103 Stress
Shock strut brace 3 BRR 3 5.46×101 -5.16×102 -2.82×106 0.00 0.00 0.00 Buckling
Bogie beam GRO 1 2.33×102 8.92×105 7.93×101 1.25×106 4.26×101 -2.05×103 Stress
Aft wheel axle GRO 2 IB/OB -1.01×105 3.96×105 8.04×101 3.27×105 7.50×101 1.43×103 Stress
Centre wheel axle GRO 2 IB/OB -1.01×105 3.96×105 8.04×101 3.27×105 7.50×101 1.43×103 Stress
Front wheel axle GRO 2 IB/OB -1.01×105 3.96×105 8.04×101 3.27×105 7.50×101 1.43×103 Stress
AM member 1 TDL 2 P1 SU 1.31×103 -9.38×101 1.52×106 -5.37×101 -3.95×102 3.51×102 Stress
AM member 2 TDL 2 P1 SU -2.54×103 -4.39×101 -1.57×106 0.00 9.84×101 -7.96×101 Buckling
AM member 3 SLL 2 P1 IB -2.46×101 1.95×103 2.28×105 -4.80×102 -2.57×101 -1.15×103 Stress
Shortening members GRO 1 0.00 0.00 -1.85×106 0.00 0.00 0.00 Stress

Table D.9: FV-1000 6-wheel bogie concept (C2) right main landing gear structural member sizing. Nodes are defined as
illustrated in Figure 5.14, with PL and PR added to represent the centre wheel axle. Dimensions shown in bold are fixed, based

on either the piston diameter or wheel rim diameter, as described in Section 3.5.

Member Nodes l (m) ri (m) ro (m) t (m) A (m2) m (kg)
Upper strut trunnion D1-D2-O1-D3-D4 2.300 0.116 0.134 0.018 0.014 250.7
Drop link member 1 D2-D5 2.036 0.054 0.067 0.013 0.005 78.9
Drop link member 2 O1-D5 2.082 0.063 0.067 0.004 0.002 29.7
Drop link member 3 O1-D6 2.030 0.064 0.067 0.003 0.001 21.3
Drop link member 4 D3-D6 1.805 0.051 0.067 0.016 0.006 84.0
Drop link brace 1 C2-C4 1.923 0.063 0.067 0.004 0.001 23.0
Drop link brace 2 C1-C3 1.989 0.057 0.067 0.010 0.004 62.9
Shock strut trunnion D5-S1-O2-S3-D6 1.750 0.110 0.134 0.024 0.018 250.4
Shock strut cylinder O2-S4-S6-S7-S8 3.081 0.168 0.192 0.024 0.027 658.0
Shock strut piston S8-B1 2.1091,2 0.149 0.168 0.019 0.019 313.8
Shock strut brace 1 S1-S3 2.073 0.073 0.084 0.011 0.005 90.1
Shock strut brace 2 S2-S5 1.753 0.067 0.084 0.017 0.008 110.6
Shock strut brace 3 C5-C6 3.497 0.102 0.109 0.007 0.005 128.9
Bogie beam K-B2-L 2.800 0.152 0.168 0.016 0.016 344.7
Aft wheel axle KL-KR 1.470 0.103 0.112 0.009 0.006 73.5
Centre wheel axle PL-PR 1.470 0.103 0.112 0.009 0.006 73.5
Front wheel axle LL-LR 1.470 0.103 0.112 0.009 0.006 73.5
AM member 13 A1-A4 1.6501 0.035 0.050 0.016 0.004 54.0
AM member 23 A2-A3 1.3221 0.044 0.050 0.006 0.002 19.2
AM member 33 A5-A6 1.120 0.046 0.050 0.004 0.001 11.1
Shortening members - 0.500 0.042 0.050 0.009 0.003 9.8
Total - - - - - - 2762

1 Extended length plus a margin of 2.75 times the respective piston diameter (Section 3.4.2).
2 Includes the bogie pivot offset distance loffset is added here.
3 Articulation mechanism.
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Table D.10: Overview of FV-1000 6-wheel bogie concept (C2) external main gear loads.

LC ID mmlg (kg) θ
(◦)

xs
(m)

rtyre
(in)

Fx,KL,KR
(N)

Fx,LL/R,PL/R
(N)

Fy,ML,MR
(N)

Fy,NL/R,QL/R
(N)

Fz,KL,KR
(N)

Fz,LL/R,PL/R
(N)

LVL 1 P1 SU 1.00×105 0 0.743 25.1 8.79×104 0.00 0.00 0.00 1.37×105 0.00
LVL 1 P1 SB 1.00×105 0 0.743 25.1 -8.79×104 0.00 0.00 0.00 1.37×105 0.00
LVL 1 P2 SU 1.00×105 0 0.224 22.7 4.50×104 1.15×105 0.00 0.00 1.80×105 1.80×105

LVL 1 P2 SB 1.00×105 0 0.224 22.7 4.50×104 -1.15×105 0.00 0.00 1.80×105 1.80×105

LVL 2 P1 SU 8.86×104 -3 0.743 25.1 7.79×104 0.00 0.00 0.00 1.22×105 0.00
LVL 2 P1 SB 8.86×104 -3 0.743 25.1 -7.79×104 0.00 0.00 0.00 1.22×105 0.00
LVL 2 P2 SU 9.31×104 -3 0.224 22.9 4.19×104 1.07×105 0.00 0.00 1.67×105 1.67×105

LVL 2 P2 SB 9.31×104 -3 0.224 22.9 4.19×104 -1.07×105 0.00 0.00 1.67×105 1.67×105

LVL 3 P1 SU 1.33×105 0 0.743 24.8 1.17×105 0.00 0.00 0.00 1.83×105 0.00
LVL 3 P1 SB 1.33×105 0 0.743 24.8 -1.17×105 0.00 0.00 0.00 1.83×105 0.00
LVL 3 P2 SU 1.33×105 0 0.224 21.6 5.98×104 1.53×105 0.00 0.00 2.39×105 2.39×105

LVL 3 P2 SB 1.33×105 0 0.224 21.6 5.98×104 -1.53×105 0.00 0.00 2.39×105 2.39×105

LVL 4 P1 SU 1.18×105 -3 0.743 24.9 1.04×105 0.00 0.00 0.00 1.62×105 0.00
LVL 4 P1 SB 1.18×105 -3 0.743 24.9 -1.04×105 0.00 0.00 0.00 1.62×105 0.00
LVL 4 P2 SU 1.24×105 -3 0.224 21.9 5.57×104 1.43×105 0.00 0.00 2.23×105 2.23×105

LVL 4 P2 SB 1.24×105 -3 0.224 21.9 5.57×104 -1.43×105 0.00 0.00 2.23×105 2.23×105

LAT 1 P1 SU/IB 1.00×105 0 0.783 25.3 6.59×104 0.00 -2.58×104 0.00 1.03×105 0.00
LAT 1 P1 SU/OB 1.00×105 0 0.783 25.3 6.59×104 0.00 2.58×104 0.00 1.03×105 0.00
LAT 1 P1 SB/IB 1.00×105 0 0.783 25.3 -6.59×104 0.00 -2.58×104 0.00 1.03×105 0.00
LAT 1 P1 SB/OB 1.00×105 0 0.783 25.3 -6.59×104 0.00 2.58×104 0.00 1.03×105 0.00
LAT 1 P2 SU/IB 1.00×105 0 0.234 23.5 5.40×104 8.63×104 -3.37×104 -3.37×104 1.35×105 1.35×105

LAT 1 P2 SU/OB 1.00×105 0 0.234 23.5 5.40×104 8.63×104 3.37×104 3.37×104 1.35×105 1.35×105

LAT 1 P2 SB/IB 1.00×105 0 0.234 23.5 5.40×104 -8.63×104 -3.37×104 -3.37×104 1.35×105 1.35×105

LAT 1 P2 SB/OB 1.00×105 0 0.234 23.5 5.40×104 -8.63×104 3.37×104 3.37×104 1.35×105 1.35×105

LAT 2 P1 SU/IB 8.86×104 -3 0.783 25.3 5.84×104 0.00 -2.28×104 0.00 9.13×104 0.00
LAT 2 P1 SU/OB 8.86×104 -3 0.783 25.3 5.84×104 0.00 2.28×104 0.00 9.13×104 0.00
LAT 2 P1 SB/IB 8.86×104 -3 0.783 25.3 -5.84×104 0.00 -2.28×104 0.00 9.13×104 0.00
LAT 2 P1 SB/OB 8.86×104 -3 0.783 25.3 -5.84×104 0.00 2.28×104 0.00 9.13×104 0.00
LAT 2 P2 SU/IB 9.31×104 -3 0.234 23.6 5.02×104 8.04×104 -3.14×104 -3.14×104 1.26×105 1.26×105

LAT 2 P2 SU/OB 9.31×104 -3 0.234 23.6 5.02×104 8.04×104 3.14×104 3.14×104 1.26×105 1.26×105

LAT 2 P2 SB/IB 9.31×104 -3 0.234 23.6 5.02×104 -8.04×104 -3.14×104 -3.14×104 1.26×105 1.26×105

LAT 2 P2 SB/OB 9.31×104 -3 0.234 23.6 5.02×104 -8.04×104 3.14×104 3.14×104 1.26×105 1.26×105

TDL 1 P1 SU 1.00×105 14 0.743 25.1 8.79×104 0.00 0.00 0.00 1.37×105 0.00
TDL 1 P1 SB 1.00×105 14 0.743 25.1 -8.79×104 0.00 0.00 0.00 1.37×105 0.00
TDL 1 P2 SU 1.00×105 14 0.224 22.7 0.00 1.15×105 0.00 0.00 1.80×105 1.80×105

TDL 1 P2 SB 1.00×105 14 0.224 22.7 0.00 -1.15×105 0.00 0.00 1.80×105 1.80×105

TDL 2 P1 SU 1.33×105 14 0.743 24.8 1.17×105 0.00 0.00 0.00 1.83×105 0.00
TDL 2 P1 SB 1.33×105 14 0.743 24.8 -1.17×105 0.00 0.00 0.00 1.83×105 0.00
TDL 2 P2 SU 1.33×105 14 0.224 21.6 0.00 1.53×105 0.00 0.00 2.39×105 2.39×105

TDL 2 P2 SB 1.33×105 14 0.224 21.6 0.00 -1.53×105 0.00 0.00 2.39×105 2.39×105

OGL 1 P1 SU 1.00×105 0 0.743 25.1 8.79×104 0.00 0.00 0.00 1.37×105 0.00
OGL 1 P1 SB 1.00×105 0 0.743 25.1 -8.79×104 0.00 0.00 0.00 1.37×105 0.00
OGL 1 P2 SU 1.00×105 0 0.224 22.7 4.50×104 1.15×105 0.00 0.00 1.80×105 1.80×105

OGL 1 P2 SB 1.00×105 0 0.224 22.7 4.50×104 -1.15×105 0.00 0.00 1.80×105 1.80×105

OGL 2 P1 SU 1.33×105 0 0.743 24.8 1.17×105 0.00 0.00 0.00 1.83×105 0.00
OGL 2 P1 SB 1.33×105 0 0.743 24.8 -1.17×105 0.00 0.00 0.00 1.83×105 0.00
OGL 2 P2 SU 1.33×105 0 0.224 21.6 5.98×104 1.53×105 0.00 0.00 2.39×105 2.39×105

OGL 2 P2 SB 1.33×105 0 0.224 21.6 5.98×104 -1.53×105 0.00 0.00 2.39×105 2.39×105

SLL 1 P1 IB 1.00×105 0 0.743 25.5 0.00 0.00 -5.49×104 0.00 6.87×104 0.00
SLL 1 P1 OB 1.00×105 0 0.743 25.5 0.00 0.00 4.12×104 0.00 6.87×104 0.00
SLL 1 P2 IB 1.00×105 0 0.224 24.3 0.00 0.00 -7.19×104 -7.19×104 8.99×104 8.99×104

SLL 1 P2 OB 1.00×105 0 0.224 24.3 0.00 0.00 5.40×104 5.40×104 8.99×104 8.99×104

SLL 2 P1 IB 1.33×105 0 0.743 25.3 0.00 0.00 -7.31×104 0.00 9.13×104 0.00
SLL 2 P1 OB 1.33×105 0 0.743 25.3 0.00 0.00 5.48×104 0.00 9.13×104 0.00
SLL 2 P2 IB 1.33×105 0 0.224 23.7 0.00 0.00 -9.57×104 -9.57×104 1.20×105 1.20×105

SLL 2 P2 OB 1.33×105 0 0.224 23.7 0.00 0.00 7.18×104 7.18×104 1.20×105 1.20×105

GRO 1 1.24×105 -3 0.068 17.9 0.00 0.00 0.00 0.00 4.46×105 4.46×105

GRO 2 IB 1.24×105 -3 0.068 18.7 8.03×104 8.03×104 -8.03×104 -8.03×104 4.01×105 4.01×105

GRO 2 OB 1.24×105 -3 0.068 18.7 8.03×104 8.03×104 8.03×104 8.03×104 4.01×105 4.01×105

BRR 1 1.00×105 0 0.068 20.9 2.22×105 2.22×105 0.00 0.00 2.78×105 2.78×105

BRR 2 9.32×104 -3 0.068 21.2 2.07×105 2.07×105 0.00 0.00 2.59×105 2.59×105

BRR 3 1.34×105 0 0.068 20.0 2.62×105 2.62×105 0.00 0.00 3.27×105 3.27×105

BRR 4 1.24×105 -3 0.068 20.4 2.44×105 2.44×105 0.00 0.00 3.05×105 3.05×105

TRN 1 IB 1.24×105 -3 0.068 22.2 0.00 0.00 -1.02×105 -1.02×105 2.03×105 2.03×105

TRN 1 OB 1.24×105 -3 0.068 22.2 0.00 0.00 1.02×105 1.02×105 2.03×105 2.03×105

PIV 1 1.24×105 -3 0.068 20.4 2.44×105 2.44×105 0.00 0.00 3.05×105 3.05×105

RBR 1 1.24×105 -3 0.068 22.2 -1.12×105 -1.12×105 0.00 0.00 2.03×105 2.03×105
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Bogie Articulation Exclusion Concept
Table D.11: FV-1000 bogie articulation exclusion concept (C3) right main landing gear structural loads for critical load case in

each component.

Member LC ID Vx (N) Vy (N) Nz (N) Mx (N) My (N) Tz (N) Failure mode
Upper strut trunnion GRO 2 IB 7.12×105 2.78×106 -5.07×105 -3.19×105 6.68×104 -2.45×104 Stress
Drop link member 1 GRO 2 IB 3.22×104 4.21×104 -2.77×106 -7.64×104 5.06×104 2.47×103 Stress
Drop link member 2 GRO 2 IB 1.34×104 3.52×104 3.37×105 -5.46×104 3.26×104 5.56×103 Stress
Drop link member 3 None - - - - - - Machinability
Drop link member 4 TDL 2 SB 1.97×104 -9.95×103 -2.29×106 1.60×104 3.61×104 -6.02×102 Stress
Drop link brace 1 None - - - - - - Machinability
Drop link brace 2 GRO 2 IB 3.58×104 6.37×103 -2.06×106 -1.14×103 6.51×104 -9.78×103 Buckling
Shock strut trunnion GRO 2 IB 6.98×104 3.48×106 -1.05×106 -6.23×105 8.34×104 4.00×103 Stress
Shock strut cylinder GRO 2 IB -5.11×105 7.23×105 -2.23×106 -1.63×106 -1.53×106 -8.64×104 Stress
Shock strut piston BRR 3 4.53×103 1.71×106 -1.85×106 -1.25×106 -4.73×104 -3.97×104 Stress
Shock strut brace 1 GRO 2 IB -5.51×104 -3.08×104 4.42×106 7.21×104 2.34×104 6.33×103 Stress
Shock strut brace 2 TDL 2 SB 3.23×103 3.36×104 3.77×106 8.79×104 2.89×104 -5.78×103 Stress
Shock strut brace 3 BRR 3 4.15×104 8.69×102 -2.65×106 -9.96 2.13 0.00 Buckling
Bogie beam GRO 1 5.57×102 1.32×106 1.14×102 1.33×106 -7.41×102 4.86×102 Stress
Aft wheel axle GRO 2 IB/OB -1.50×105 5.88×105 1.19×105 5.29×105 1.24×105 7.87×103 Stress
Front wheel axle GRO 2 IB/OB -1.50×105 5.88×105 1.19×105 5.29×105 1.24×105 7.87×103 Stress
Shortening members GRO 1 0.00 0.00 -2.31×106 0.00 0.00 0.00 Stress

Table D.12: FV-1000 bogie articulation exclusion concept right main landing gear structural member sizing. Nodes are defined
as illustrated in Figure 5.14. Dimensions shown in bold are fixed, based on either the piston diameter or wheel rim diameter, as

described in Section 3.5.

Member Nodes l (m) ri (m) ro (m) t (m) A (m2) m (kg)
Upper strut trunnion D1-D2-O1-D3-D4 2.300 0.120 0.134 0.014 0.011 201.8
Drop link member 1 D2-D5 2.535 0.051 0.067 0.016 0.006 117.0
Drop link member 2 O1-D5 2.610 0.061 0.067 0.006 0.002 46.8
Drop link member 3 O1-D6 2.574 0.064 0.067 0.003 0.001 27.1
Drop link member 4 D3-D6 2.468 0.058 0.067 0.009 0.003 66.4
Drop link brace 1 C2-C4 2.362 0.064 0.067 0.003 0.001 24.8
Drop link brace 2 C1-C3 2.385 0.054 0.067 0.013 0005 89.2
Shock strut trunnion D5-S1-O2-S3-D6 1.750 0.113 0.134 0.021 0.016 220.4
Shock strut cylinder O2-S4-S6-S7-S8 3.627 0.168 0.192 0.024 0.027 775.6
Shock strut piston S8-B1 1.7551,2 0.149 0.168 0.019 0.018 254.0
Shock strut brace 1 S1-S3 2.379 0.071 0.084 0.013 0.006 115.0
Shock strut brace 2 S2-S5 2.064 0.072 0.084 0.012 0.006 96.6
Shock strut brace 3 C5-C6 4.571 0.097 0.109 0.012 0.008 283.6
Bogie beam K-B2-L 2.020 0.151 0.168 0.017 0.017 270.9
Aft wheel axle KL-KR 1.620 0.102 0.117 0.015 0.010 130.8
Front wheel axle LL-LR 1.620 0.102 0.117 0.015 0.010 130.8
Shortening members - 0.500 0.042 0.050 0.009 0.002 9.7
Total - - - - - - 2861

1 Extended length plus a margin of 2.75 times the respective piston diameter (Section 3.4.2).
2 Includes the bogie pivot offset distance loffset is added here.
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Table D.13: Overview of FV-1000 bogie articulation exclusion concept (C3) external main gear loads.

LC ID mmlg (kg) θ
(◦)

xs
(m)

rtyre
(in)

Fx,KL,KR
(N)

Fx,LL,LR
(N)

Fy,ML,MR
(N)

Fy,NL,NR
(N)

Fz,KL,KR
(N)

Fz,LL,LR
(N)

LVL 1 SU 1.00×105 0 0.429 24.2 1.73×105 1.73×105 0.00 0.00 2.70×105 2.70×105

LVL 1 SB 1.00×105 0 0.429 24.2 -1.73×105 -1.73×105 0.00 0.00 2.70×105 2.70×105

LVL 2 SU 9.19×104 -3 0.429 24.6 1.59×105 1.59×105 0.00 0.00 2.48×105 2.48×105

LVL 2 SB 9.19×104 -3 0.429 24.6 -1.59×105 -1.59×105 0.00 0.00 2.48×105 2.48×105

LVL 3 SU 1.33×105 0 0.429 22.9 2.30×105 2.30×105 0.00 0.00 3.59×105 3.59×105

LVL 3 SB 1.33×105 0 0.429 22.9 -2.30×105 -2.30×105 0.00 0.00 3.59×105 3.59×105

LVL 4 SU 1.22×105 -3 0.429 23.3 2.11×105 2.11×105 0.00 0.00 3.30×105 3.30×105

LVL 4 SB 1.22×105 -3 0.429 23.3 -2.11×105 -2.11×105 0.00 0.00 3.30×105 3.30×105

LAT 1 SU/IB 1.00×105 0 0.459 26.1 1.29×105 1.29×105 -5.06×104 -5.06×104 2.02×105 2.02×105

LAT 1 SU/OB 1.00×105 0 0.459 26.1 1.29×105 1.29×105 5.06×104 5.06×104 2.02×105 2.02×105

LAT 1 SB/IB 1.00×105 0 0.459 26.1 -1.29×105 -1.29×105 -5.06×104 -5.06×104 2.02×105 2.02×105

LAT 1 SB/OB 1.00×105 0 0.459 26.1 -1.29×105 -1.29×105 5.06×104 5.06×104 2.02×105 2.02×105

LAT 2 SU/IB 9.19×104 -3 0.459 26.3 1.19×105 1.19×105 -4.65×104 -4.65×104 1.86×105 1.86×105

LAT 2 SU/OB 9.19×104 -3 0.459 26.3 1.19×105 1.19×105 4.65×104 4.65×104 1.86×105 1.86×105

LAT 2 SB/IB 9.19×104 -3 0.459 26.3 -1.19×105 -1.19×105 -4.65×104 -4.65×104 1.86×105 1.86×105

LAT 2 SB/OB 9.19×104 -3 0.459 26.3 -1.19×105 -1.19×105 4.65×104 4.65×104 1.86×105 1.86×105

TDL 1 SU 1.00×105 14 0.429 24.2 1.73×105 1.73×105 0.00 0.00 2.70×105 2.70×105

TDL 1 SB 1.00×105 14 0.429 24.2 -1.73×105 -1.73×105 0.00 0.00 2.70×105 2.70×105

TDL 2 SU 1.33×105 14 0.429 22.9 2.30×105 2.30×105 0.00 0.00 3.59×105 3.59×105

TDL 2 SB 1.33×105 14 0.429 22.9 -2.30×105 -2.30×105 0.00 0.00 3.59×105 3.59×105

OGL 1 SU 1.00×105 0 0.429 24.2 1.73×105 1.73×105 0.00 0.00 2.70×105 2.70×105

OGL 1 SB 1.00×105 0 0.429 24.2 -1.73×105 -1.73×105 0.00 0.00 2.70×105 2.70×105

OGL 2 SU 1.33×105 0 0.429 22.9 2.30×105 2.30×105 0.00 0.00 3.59×105 3.59×105

OGL 2 SB 1.33×105 0 0.429 22.9 -2.30×105 -2.30×105 0.00 0.00 3.59×105 3.59×105

SLL 1 IB 1.00×105 0 0.429 26.3 0.00 0.00 -1.08×105 -1.08×105 1.35×105 1.35×105

SLL 1 OB 1.00×105 0 0.429 26.3 0.00 0.00 8.09×104 8.09×104 1.35×105 1.35×105

SLL 2 IB 1.33×105 0 0.429 25.6 0.00 0.00 -1.44×105 -1.44×105 1.79×105 1.79×105

SLL 2 OB 1.33×105 0 0.429 25.6 0.00 0.00 1.08×105 1.08×105 1.79×105 1.79×105

GRO 1 1.23×105 -3 0.041 18.2 0.00 0.00 0.00 0.00 6.61×105 6.61×105

GRO 2 IB 1.23×105 -3 0.041 19.2 1.19×105 1.19×105 -1.19×105 -1.19×105 5.95×105 5.95×105

GRO 2 OB 1.23×105 -3 0.041 19.2 1.19×105 1.19×105 1.19×105 1.19×105 5.95×105 5.95×105

BRR 1 1.00×105 0 0.041 22.0 3.34×105 3.34×105 0.00 0.00 4.17×105 4.17×105

BRR 2 9.22×104 -3 0.041 22.5 3.07×105 3.07×105 0.00 0.00 3.84×105 3.84×105

BRR 3 1.34×105 0 0.041 20.8 3.93×105 3.93×105 0.00 0.00 4.91×105 4.91×105

BRR 4 1.23×105 -3 0.041 21.4 3.62×105 3.62×105 0.00 0.00 4.53×105 4.53×105

TRN 1 IB 1.23×105 -3 0.041 23.7 0.00 0.00 -1.51×105 -1.51×105 3.02×105 3.02×105

TRN 1 OB 1.23×105 -3 0.041 23.7 0.00 0.00 1.51×105 1.51×105 3.02×105 3.02×105

PIV 1 1.23×105 -3 0.041 21.4 3.62×105 3.62×105 0.00 0.00 4.53×105 4.53×105

RBR 1 1.23×105 -3 0.041 23.7 -1.66×105 -1.66×105 0.00 0.00 3.02×105 3.02×105
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Strut Shortening Exclusion Concept
Table D.14: FV-1000 strut shortening exclusion concept (C4) right main landing gear structural loads for critical load case in

each component.

Member LC ID Vx (N) Vy (N) Nz (N) Mx (N) My (N) Tz (N) Failure mode
Upper strut trunnion GRO 2 IB 6.04×105 2.53×106 -5.69×105 -2.81×105 7.65×104 -1.37×104 Stress
Drop link member 1 GRO 2 IB 1.97×104 3.30×104 -2.55×106 -6.27×104 2.87×104 2.98×103 Stress
Drop link member 2 GRO 2 IB 6.91×103 3.11×104 5.69×105 -4.39×104 1.79×104 4.06×103 Stress
Drop link member 3 None - - - - - - Machinability
Drop link member 4 TRN 1 OB 2.16×103 -1.06×104 -1.83×106 -1.90×104 6.75×103 -2.04×102 Stress
Drop link brace 1 None - - - - - - Machinability
Drop link brace 2 GRO 2 IB 4.06×104 3.61×103 -1.87×106 -5.73×102 6.68×104 -5.83×103 Stress
Shock strut trunnion GRO 2 IB 6.68×104 3.08×106 -9.83×105 -5.66×105 7.64×104 3.18×103 Stress
Shock strut cylinder GRO 2 IB -5.14×105 7.25×105 -2.26×106 -1.41×106 -1.32×106 -7.61×104 Stress
Shock strut piston BRR 3 2.39×103 1.71×106 -1.85×106 -1.26×106 -3.07×104 -2.58×104 Stress
Shock strut brace 1 GRO 2 IB -4.63×104 6.42×103 3.80×106 7.62×104 1.97×104 4.76×103 Stress
Shock strut brace 2 BRR 4 -4.84×104 -5.11×104 -2.59×106 -6.02×104 -3.07×104 1.03×104 Stress
Shock strut brace 3 BRR 3 2.62×104 -5.79×102 -2.39×106 0.00 0.00 0.00 Buckling
Bogie beam GRO 1 3.01×102 1.33×106 3.44×101 1.35×106 -4.86×102 4.91×102 Stress
Aft wheel axle GRO 2 OB -1.51×105 5.94×105 1.20×105 5.31×105 1.25×105 7.67×103 Stress
Front wheel axle GRO 2 OB -1.51×105 5.94×105 1.20×105 5.31×105 1.25×105 4.91×103 Stress
AM member 1 LVL 3 P1 SU 6.29×103 -1.02×105 1.84×106 -4.48×104 7.99×102 5.74×102 Stress
AM member 2 LVL 3 P1 SU 7.05×102 -5.71×104 -2.16×106 -3.28 4.78×102 2.59×101 Buckling
AM member 3 SLL 2 P1 IB -2.35×104 1.20×103 3.41×105 -2.87×102 -2.79×104 -2.06×103 Stress

Table D.15: FV-1000 strut shortening exclusion concept (C4) right main landing gear structural member sizing. Nodes are
defined as illustrated in Figure 5.14. Dimensions shown in bold are fixed, based on either the piston diameter or wheel rim

diameter, as described in Section 3.5.

Member Nodes l (m) ri (m) ro (m) t (m) A (m2) m (kg)
Upper strut trunnion D1-D2-O1-D3-D4 2.300 0.121 0.134 0.013 0.010 181.0
Drop link member 1 D2-D5 2.511 0.055 0.067 0.012 0.005 93.6
Drop link member 2 O1-D5 2.572 0.062 0.067 0.005 0.002 40.1
Drop link member 3 O1-D6 2.537 0.064 0.067 0.003 0.001 26.7
Drop link member 4 D3-D6 2.406 0.061 0.067 0.006 0.002 44.3
Drop link brace 1 C2-C4 2.250 0.064 0.067 0.003 0.001 23.6
Drop link brace 2 C1-C3 2.266 0.057 0.067 0.010 0.004 70.5
Shock strut trunnion D5-S1-O2-S3-D6 1.750 0.116 0.134 0.018 0.014 196.4
Shock strut cylinder O2-S4-S6-S7-S8 2.936 0.168 0.189 0.021 0.024 551.9
Shock strut piston S8-B1 1.9241,2 0.149 0.168 0.019 0.019 279.5
Shock strut brace 1 S1-S3 1.974 0.073 0.084 0.011 0.006 87.0
Shock strut brace 2 S2-S5 1.660 0.076 0.084 0.008 0.004 54.0
Shock strut brace 3 C5-C6 4.019 0.101 0.109 0.008 0.005 167.3
Bogie beam K-B2-L 2.020 0.151 0.168 0.017 0.017 275.3
Aft wheel axle KL-KR 1.620 0.102 0.117 0.015 0.010 131.4
Front wheel axle LL-LR 1.620 0.102 0.117 0.015 0.010 131.3
AM member 13 A1-A4 1.6301 0.036 0.050 0.015 0.004 51.1
AM member 23 A2-A3 1.3251 0.041 0.050 0.010 0.003 28.4
AM member 33 A5-A6 1.175 0.045 0.050 0.005 0.001 13.7
Total - - - - - - 2447

1 Extended length plus a margin of 2.75 times the respective piston diameter (Section 3.4.2).
2 Includes the bogie pivot offset distance loffset is added here.
3 Articulation mechanism.
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Table D.16: Overview of FV-1000 strut shortening exclusion concept (C4) external main gear loads.

LC ID mmlg (kg) θ
(◦)

xs
(m)

rtyre
(in)

Fx,KL,KR
(N)

Fx,LL,LR
(N)

Fy,ML,MR
(N)

Fy,NL,NR
(N)

Fz,KL,KR
(N)

Fz,LL,LR
(N)

LVL 1 P1 SU 1.00×105 0 0.596 27.1 1.10×105 0.00 0.00 0.00 1.72×105 0.00
LVL 1 P1 SB 1.00×105 0 0.596 27.1 -1.10×105 0.00 0.00 0.00 1.72×105 0.00
LVL 1 P2 SU 1.00×105 0 0.194 24.2 6.74×104 1.73×105 0.00 0.00 2.70×105 2.70×105

LVL 1 P2 SB 1.00×105 0 0.194 24.2 6.74×104 -1.73×105 0.00 0.00 2.70×105 2.70×105

LVL 2 P1 SU 8.99×104 -3 0.596 27.2 9.88×104 0.00 0.00 0.00 1.54×105 0.00
LVL 2 P1 SB 8.99×104 -3 0.596 27.2 -9.88×104 0.00 0.00 0.00 1.54×105 0.00
LVL 2 P2 SU 9.29×104 -3 0.194 24.5 6.27×104 1.60×105 0.00 0.00 2.51×105 2.51×105

LVL 2 P2 SB 9.29×104 -3 0.194 24.5 6.27×104 -1.60×105 0.00 0.00 2.51×105 2.51×105

LVL 3 P1 SU 1.33×105 0 0.596 26.7 1.46×105 0.00 0.00 0.00 2.28×105 0.00
LVL 3 P1 SB 1.33×105 0 0.596 26.7 -1.46×105 0.00 0.00 0.00 2.28×105 0.00
LVL 3 P2 SU 1.33×105 0 0.194 22.9 8.97×104 2.30×105 0.00 0.00 3.59×105 3.59×105

LVL 3 P2 SB 1.33×105 0 0.194 22.9 8.97×104 -2.30×105 0.00 0.00 3.59×105 3.59×105

LVL 4 P1 SU 1.20×105 -3 0.596 26.8 1.31×105 0.00 0.00 0.00 2.05×105 0.00
LVL 4 P1 SB 1.20×105 -3 0.596 26.8 -1.31×105 0.00 0.00 0.00 2.05×105 0.00
LVL 4 P2 SU 1.24×105 -3 0.194 23.3 8.34×104 2.13×105 0.00 0.00 3.33×105 3.33×105

LVL 4 P2 SB 1.24×105 -3 0.194 23.3 8.34×104 -2.13×105 0.00 0.00 3.33×105 3.33×105

LAT 1 P1 SU/IB 1.00×105 0 0.627 27.4 8.24×104 0.00 -3.22×104 0.00 1.29×105 0.00
LAT 1 P1 SU/OB 1.00×105 0 0.627 27.4 8.24×104 0.00 3.22×104 0.00 1.29×105 0.00
LAT 1 P1 SB/IB 1.00×105 0 0.627 27.4 -8.24×104 0.00 -3.22×104 0.00 1.29×105 0.00
LAT 1 P1 SB/OB 1.00×105 0 0.627 27.4 -8.24×104 0.00 3.22×104 0.00 1.29×105 0.00
LAT 1 P2 SU/IB 1.00×105 0 0.203 25.3 8.09×104 1.29×105 -5.06×104 -5.06×104 2.02×105 2.02×105

LAT 1 P2 SU/OB 1.00×105 0 0.203 25.3 8.09×104 1.29×105 5.06×104 5.06×104 2.02×105 2.02×105

LAT 1 P2 SB/IB 1.00×105 0 0.203 25.3 8.09×104 -1.29×105 -5.06×104 -5.06×104 2.02×105 2.02×105

LAT 1 P2 SB/OB 1.00×105 0 0.203 25.3 8.09×104 -1.29×105 5.06×104 5.06×104 2.02×105 2.02×105

LAT 2 P1 SU/IB 8.99×104 -3 0.627 27.5 7.41×104 0.00 -2.89×104 0.00 1.16×105 0.00
LAT 2 P1 SU/OB 8.99×104 -3 0.627 27.5 7.41×104 0.00 2.89×104 0.00 1.16×105 0.00
LAT 2 P1 SB/IB 8.99×104 -3 0.627 27.5 -7.41×104 0.00 -2.89×104 0.00 1.16×105 0.00
LAT 2 P1 SB/OB 8.99×104 -3 0.627 27.5 -7.41×104 0.00 2.89×104 0.00 1.16×105 0.00
LAT 2 P2 SU/IB 9.29×104 -3 0.203 25.5 7.52×104 1.20×105 -4.70×104 -4.70×104 1.88×105 1.88×105

LAT 2 P2 SU/OB 9.29×104 -3 0.203 25.5 7.52×104 1.20×105 4.70×104 4.70×104 1.88×105 1.88×105

LAT 2 P2 SB/IB 9.29×104 -3 0.203 25.5 7.52×104 -1.20×105 -4.70×104 -4.70×104 1.88×105 1.88×105

LAT 2 P2 SB/OB 9.29×104 -3 0.203 25.5 7.52×104 -1.20×105 4.70×104 4.70×104 1.88×105 1.88×105

TDL 1 P1 SU 1.00×105 14 0.596 27.1 1.10×105 0.00 0.00 0.00 1.72×105 0.00
TDL 1 P1 SB 1.00×105 14 0.596 27.1 -1.10×105 0.00 0.00 0.00 1.72×105 0.00
TDL 1 P2 SU 1.00×105 14 0.194 24.2 0.00 1.73×105 0.00 0.00 2.70×105 2.70×105

TDL 1 P2 SB 1.00×105 14 0.194 24.2 0.00 -1.73×105 0.00 0.00 2.70×105 2.70×105

TDL 2 P1 SU 1.33×105 14 0.596 26.7 1.46×105 0.00 0.00 0.00 2.28×105 0.00
TDL 2 P1 SB 1.33×105 14 0.596 26.7 -1.46×105 0.00 0.00 0.00 2.28×105 0.00
TDL 2 P2 SU 1.33×105 14 0.194 22.9 0.00 2.30×105 0.00 0.00 3.59×105 3.59×105

TDL 2 P2 SB 1.33×105 14 0.194 22.9 0.00 -2.30×105 0.00 0.00 3.59×105 3.59×105

OGL 1 P1 SU 1.00×105 0 0.596 27.1 1.10×105 0.00 0.00 0.00 1.72×105 0.00
OGL 1 P1 SB 1.00×105 0 0.596 27.1 -1.10×105 0.00 0.00 0.00 1.72×105 0.00
OGL 1 P2 SU 1.00×105 0 0.194 24.2 6.74×104 1.73×105 0.00 0.00 2.70×105 2.70×105

OGL 1 P2 SB 1.00×105 0 0.194 24.2 6.74×104 -1.73×105 0.00 0.00 2.70×105 2.70×105

OGL 2 P1 SU 1.33×105 0 0.596 26.7 1.46×105 0.00 0.00 0.00 2.28×105 0.00
OGL 2 P1 SB 1.33×105 0 0.596 26.7 -1.46×105 0.00 0.00 0.00 2.28×105 0.00
OGL 2 P2 SU 1.33×105 0 0.194 22.9 8.97×104 2.30×105 0.00 0.00 3.59×105 3.59×105

OGL 2 P2 SB 1.33×105 0 0.194 22.9 8.97×104 -2.30×105 0.00 0.00 3.59×105 3.59×105

SLL 1 P1 IB 1.00×105 0 0.596 27.8 0.00 0.00 -6.87×104 0.00 8.58×104 0.00
SLL 1 P1 OB 1.00×105 0 0.596 27.8 0.00 0.00 5.15×104 0.00 8.58×104 0.00
SLL 1 P2 IB 1.00×105 0 0.194 26.3 0.00 0.00 -1.08×105 -1.08×105 1.35×105 1.35×105

SLL 1 P2 OB 1.00×105 0 0.194 26.3 0.00 0.00 8.09×104 8.09×104 1.35×105 1.35×105

SLL 2 P1 IB 1.33×105 0 0.596 27.5 0.00 0.00 -9.13×104 0.00 1.14×105 0.00
SLL 2 P1 OB 1.33×105 0 0.596 27.5 0.00 0.00 6.85×104 0.00 1.14×105 0.00
SLL 2 P2 IB 1.33×105 0 0.194 25.6 0.00 0.00 -1.44×105 -1.44×105 1.79×105 1.79×105

SLL 2 P2 OB 1.33×105 0 0.194 25.6 0.00 0.00 1.08×105 1.08×105 1.79×105 1.79×105

GRO 1 1.24×105 -3 0.054 18.1 0.00 0.00 0.00 0.00 6.67×105 6.67×105

GRO 2 IB 1.24×105 -3 0.054 19.1 1.20×105 1.20×105 -1.20×105 -1.20×105 6.01×105 6.01×105

GRO 2 OB 1.24×105 -3 0.054 19.1 1.20×105 1.20×105 1.20×105 1.20×105 6.01×105 6.01×105

BRR 1 1.00×105 0 0.054 22.0 3.34×105 3.34×105 0.00 0.00 4.17×105 4.17×105

BRR 2 9.30×104 -3 0.054 22.4 3.10×105 3.10×105 0.00 0.00 3.88×105 3.88×105

BRR 3 1.34×105 0 0.054 20.8 3.93×105 3.93×105 0.00 0.00 4.91×105 4.91×105

BRR 4 1.24×105 -3 0.054 21.3 3.65×105 3.65×105 0.00 0.00 4.57×105 4.57×105

TRN 1 IB 1.24×105 -3 0.054 23.7 0.00 0.00 -1.52×105 -1.52×105 3.05×105 3.05×105

TRN 1 OB 1.24×105 -3 0.054 23.7 0.00 0.00 1.52×105 1.52×105 3.05×105 3.05×105

PIV 1 1.24×105 -3 0.054 21.3 3.65×105 3.65×105 0.00 0.00 4.57×105 4.57×105

RBR 1 1.24×105 -3 0.054 23.7 -1.67×105 -1.67×105 0.00 0.00 3.05×105 3.05×105
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Backward Stowage Concept
Table D.17: FV-1000 backward stowage concept (C5) right main landing gear structural loads for critical load case in each

component.

Member LC ID Vx (N) Vy (N) Nz (N) Mx (N) My (N) Tz (N) Failure mode
Upper strut trunnion BRR 3 -4.12×104 3.62×106 -1.71×106 -6.79×105 1.74×104 -2.13×104 Stress
Drop link member 1 BRR 3 3.46×103 2.84×104 -3.60×106 -3.51×104 2.19×104 1.44×103 Stress
Drop link member 2 GRO 2 OB -6.50×103 2.19×104 -1.61×106 -2.51×104 -1.07×104 8.48×102 Stress
Drop link member 3 TRN 1 IB 1.37×104 -3.26×104 1.36×106 3.80×104 1.42×104 8.08×103 Stress
Drop link member 4 TRN 1 IB 4.38×104 -7.07×104 -1.41×105 9.31×104 6.69×104 -8.87×103 Stress
Drop link brace 1 TRN 1 IB -1.62×104 3.29×103 -2.55×106 -4.01×102 -1.76×104 1.56×104 Buckling
Drop link brace 2 GRO 2 OB 1.98×104 -5.06×103 8.27×105 -2.49×102 3.60×104 -5.22×103 Stress
Shock strut trunnion BRR 3 1.40×105 4.27×106 3.83×105 -8.79×105 9.30×104 1.46×104 Stress
Shock strut cylinder BRR 3 5.57×105 -5.54×105 -3.99×106 -1.89×106 1.18×106 -1.15×105 Stress
Shock strut piston BRR 3 8.00×102 1.71×106 -1.85×106 -1.27×106 3.24×104 3.25×104 Stress
Shock strut brace 1 BRR 3 7.51×103 5.03×104 4.94×106 1.25×105 -2.29×104 6.91×103 Stress
Shock strut brace 2 TRN 1 IB 3.77×104 1.54×104 2.94×106 5.18×104 1.49×104 5.44×103 Stress
Shock strut brace 3 None - - - - - - Machinability
Bogie beam GRO 1 3.21×102 1.33×106 4.68×101 1.35×106 -4.14×102 -4.10×103 Stress
Aft wheel axle GRO 2 IB 1.51×105 -5.94×105 1.20×105 5.33×105 1.23×105 -1.21×103 Stress
Front wheel axle GRO 2 IB 1.51×105 -5.94×105 1.20×105 5.33×105 1.24×105 1.68×103 Stress
AM member 1 LVL 3 P1 SU -2.14×103 -8.30×104 1.61×106 -3.34×104 -8.92×101 -5.22×102 Stress
AM member 2 LVL 3 P1 SU 4.04×103 -4.29×104 -1.63×106 2.13 3.59×102 1.84×102 Stress
AM member 3 SLL 2 P1 IB -3.31×104 -1.29×103 3.15×105 -3.21×102 -3.02×104 -1.86×103 Stress
Shortening members GRO 1 0.00 0.00 -5.22×104 0.00 0.00 0.00 Stress

Table D.18: FV-1000 backward stowage concept (C5) right main landing gear structural member sizing. Nodes are defined as
illustrated in Figure 5.14. Dimensions shown in bold are fixed, based on either the piston diameter or wheel rim diameter, as

described in Section 3.5.

Member Nodes l (m) ri (m) ro (m) t (m) A (m2) m (kg)
Upper strut trunnion D1-D2-O1-D3-D4 2.300 0.111 0.134 0.023 0.018 319.8
Drop link member 1 D2-D5 2.374 0.054 0.067 0.013 0.005 89.5
Drop link member 2 O1-D5 2.068 0.061 0.067 0.006 0.002 38.3
Drop link member 3 O1-D6 2.118 0.061 0.067 0.006 0.003 42.6
Drop link member 4 D3-D6 1.779 0.057 0.067 0.010 0.004 54.7
Drop link brace 1 C2-C4 2.160 0.054 0.067 0.013 0.005 82.3
Drop link brace 2 C1-C3 2.533 0.062 0.067 0.005 0.002 37.3
Shock strut trunnion D5-S1-O2-S3-D6 1.750 0.106 0.134 0.028 0.021 289.2
Shock strut cylinder O2-S4-S6-S7-S8 3.144 0.168 0.193 0.025 0.029 710.2
Shock strut piston S8-B1 1.9321,2 0.149 0.168 0.019 0.019 283.0
Shock strut brace 1 S1-S3 1.782 0.067 0.084 0.017 0.008 114.3
Shock strut brace 2 S2-S5 2.082 0.076 0.084 0.008 0.004 67.3
Shock strut brace 3 C5-C6 3.891 0.104 0.109 0.005 0.004 108.2
Bogie beam K-B2-L 2.020 0.151 0.168 0.017 0.017 275.5
Aft wheel axle KL-KR 1.620 0.102 0.117 0.015 0.010 131.5
Front wheel axle LL-LR 1.620 0.102 0.117 0.015 0.010 131.6
AM member 13 A1-A4 1.3261 0.039 0.050 0.011 0.003 32.1
AM member 23 A2-A3 1.1471 0.045 0.050 0.005 0.002 14.0
AM member 33 A5-A6 0.920 0.045 0.050 0.005 0.002 11.3
Shortening members - 0.500 0.042 0.050 0.009 0.003 9.8
Total - - - - - - 2843

1 Extended length plus a margin of 2.75 times the respective piston diameter (Section 3.4.2).
2 Includes the bogie pivot offset distance loffset is added here.
3 Articulation mechanism.
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Table D.19: Overview of FV-1000 backward stowage concept (C5) external main gear loads.

LC ID mmlg (kg) θ
(◦)

xs
(m)

rtyre
(in)

Fx,KL,KR
(N)

Fx,LL,LR
(N)

Fy,ML,MR
(N)

Fy,NL,NR
(N)

Fz,KL,KR
(N)

Fz,LL,LR
(N)

LVL 1 P1 SU 1.00×105 0 0.602 27.1 1.10×105 0.00 0.00 0.00 1.72×105 0.00
LVL 1 P1 SB 1.00×105 0 0.602 27.1 -1.10×105 0.00 0.00 0.00 1.72×105 0.00
LVL 1 P2 SU 1.00×105 0 0.192 24.2 6.74×104 1.73×105 0.00 0.00 2.70×105 2.70×105

LVL 1 P2 SB 1.00×105 0 0.192 24.2 6.74×104 -1.73×105 0.00 0.00 2.70×105 2.70×105

LVL 2 P1 SU 8.99×104 -3 0.602 27.2 9.88×104 0.00 0.00 0.00 1.54×105 0.00
LVL 2 P1 SB 8.99×104 -3 0.602 27.2 -9.88×104 0.00 0.00 0.00 1.54×105 0.00
LVL 2 P2 SU 9.29×104 -3 0.192 24.5 6.27×104 1.60×105 0.00 0.00 2.51×105 2.51×105

LVL 2 P2 SB 9.29×104 -3 0.192 24.5 6.27×104 -1.60×105 0.00 0.00 2.51×105 2.51×105

LVL 3 P1 SU 1.33×105 0 0.602 26.7 1.46×105 0.00 0.00 0.00 2.28×105 0.00
LVL 3 P1 SB 1.33×105 0 0.602 26.7 -1.46×105 0.00 0.00 0.00 2.28×105 0.00
LVL 3 P2 SU 1.33×105 0 0.192 22.9 8.97×104 2.30×105 0.00 0.00 3.59×105 3.59×105

LVL 3 P2 SB 1.33×105 0 0.192 22.9 8.97×104 -2.30×105 0.00 0.00 3.59×105 3.59×105

LVL 4 P1 SU 1.20×105 -3 0.602 26.8 1.31×105 0.00 0.00 0.00 2.05×105 0.00
LVL 4 P1 SB 1.20×105 -3 0.602 26.8 -1.31×105 0.00 0.00 0.00 2.05×105 0.00
LVL 4 P2 SU 1.24×105 -3 0.192 23.3 8.34×104 2.13×105 0.00 0.00 3.33×105 3.33×105

LVL 4 P2 SB 1.24×105 -3 0.192 23.3 8.34×104 -2.13×105 0.00 0.00 3.33×105 3.33×105

LAT 1 P1 SU/IB 1.00×105 0 0.633 27.4 8.24×104 0.00 -3.22×104 0.00 1.29×105 0.00
LAT 1 P1 SU/OB 1.00×105 0 0.633 27.4 8.24×104 0.00 3.22×104 0.00 1.29×105 0.00
LAT 1 P1 SB/IB 1.00×105 0 0.633 27.4 -8.24×104 0.00 -3.22×104 0.00 1.29×105 0.00
LAT 1 P1 SB/OB 1.00×105 0 0.633 27.4 -8.24×104 0.00 3.22×104 0.00 1.29×105 0.00
LAT 1 P2 SU/IB 1.00×105 0 0.201 25.3 8.09×104 1.29×105 -5.06×104 -5.06×104 2.02×105 2.02×105

LAT 1 P2 SU/OB 1.00×105 0 0.201 25.3 8.09×104 1.29×105 5.06×104 5.06×104 2.02×105 2.02×105

LAT 1 P2 SB/IB 1.00×105 0 0.201 25.3 8.09×104 -1.29×105 -5.06×104 -5.06×104 2.02×105 2.02×105

LAT 1 P2 SB/OB 1.00×105 0 0.201 25.3 8.09×104 -1.29×105 5.06×104 5.06×104 2.02×105 2.02×105

LAT 2 P1 SU/IB 8.99×104 -3 0.633 27.5 7.41×104 0.00 -2.89×104 0.00 1.16×105 0.00
LAT 2 P1 SU/OB 8.99×104 -3 0.633 27.5 7.41×104 0.00 2.89×104 0.00 1.16×105 0.00
LAT 2 P1 SB/IB 8.99×104 -3 0.633 27.5 -7.41×104 0.00 -2.89×104 0.00 1.16×105 0.00
LAT 2 P1 SB/OB 8.99×104 -3 0.633 27.5 -7.41×104 0.00 2.89×104 0.00 1.16×105 0.00
LAT 2 P2 SU/IB 9.29×104 -3 0.201 25.5 7.52×104 1.20×105 -4.70×104 -4.70×104 1.88×105 1.88×105

LAT 2 P2 SU/OB 9.29×104 -3 0.201 25.5 7.52×104 1.20×105 4.70×104 4.70×104 1.88×105 1.88×105

LAT 2 P2 SB/IB 9.29×104 -3 0.201 25.5 7.52×104 -1.20×105 -4.70×104 -4.70×104 1.88×105 1.88×105

LAT 2 P2 SB/OB 9.29×104 -3 0.201 25.5 7.52×104 -1.20×105 4.70×104 4.70×104 1.88×105 1.88×105

TDL 1 P1 SU 1.00×105 14 0.602 27.1 1.10×105 0.00 0.00 0.00 1.72×105 0.00
TDL 1 P1 SB 1.00×105 14 0.602 27.1 -1.10×105 0.00 0.00 0.00 1.72×105 0.00
TDL 1 P2 SU 1.00×105 14 0.192 24.2 0.00 1.73×105 0.00 0.00 2.70×105 2.70×105

TDL 1 P2 SB 1.00×105 14 0.192 24.2 0.00 -1.73×105 0.00 0.00 2.70×105 2.70×105

TDL 2 P1 SU 1.33×105 14 0.602 26.7 1.46×105 0.00 0.00 0.00 2.28×105 0.00
TDL 2 P1 SB 1.33×105 14 0.602 26.7 -1.46×105 0.00 0.00 0.00 2.28×105 0.00
TDL 2 P2 SU 1.33×105 14 0.192 22.9 0.00 2.30×105 0.00 0.00 3.59×105 3.59×105

TDL 2 P2 SB 1.33×105 14 0.192 22.9 0.00 -2.30×105 0.00 0.00 3.59×105 3.59×105

OGL 1 P1 SU 1.00×105 0 0.602 27.1 1.10×105 0.00 0.00 0.00 1.72×105 0.00
OGL 1 P1 SB 1.00×105 0 0.602 27.1 -1.10×105 0.00 0.00 0.00 1.72×105 0.00
OGL 1 P2 SU 1.00×105 0 0.192 24.2 6.74×104 1.73×105 0.00 0.00 2.70×105 2.70×105

OGL 1 P2 SB 1.00×105 0 0.192 24.2 6.74×104 -1.73×105 0.00 0.00 2.70×105 2.70×105

OGL 2 P1 SU 1.33×105 0 0.602 26.7 1.46×105 0.00 0.00 0.00 2.28×105 0.00
OGL 2 P1 SB 1.33×105 0 0.602 26.7 -1.46×105 0.00 0.00 0.00 2.28×105 0.00
OGL 2 P2 SU 1.33×105 0 0.192 22.9 8.97×104 2.30×105 0.00 0.00 3.59×105 3.59×105

OGL 2 P2 SB 1.33×105 0 0.192 22.9 8.97×104 -2.30×105 0.00 0.00 3.59×105 3.59×105

SLL 1 P1 IB 1.00×105 0 0.602 27.8 0.00 0.00 -6.87×104 0.00 8.58×104 0.00
SLL 1 P1 OB 1.00×105 0 0.602 27.8 0.00 0.00 5.15×104 0.00 8.58×104 0.00
SLL 1 P2 IB 1.00×105 0 0.192 26.3 0.00 0.00 -1.08×105 -1.08×105 1.35×105 1.35×105

SLL 1 P2 OB 1.00×105 0 0.192 26.3 0.00 0.00 8.09×104 8.09×104 1.35×105 1.35×105

SLL 2 P1 IB 1.33×105 0 0.602 27.5 0.00 0.00 -9.13×104 0.00 1.14×105 0.00
SLL 2 P1 OB 1.33×105 0 0.602 27.5 0.00 0.00 6.85×104 0.00 1.14×105 0.00
SLL 2 P2 IB 1.33×105 0 0.192 25.6 0.00 0.00 -1.44×105 -1.44×105 1.79×105 1.79×105

SLL 2 P2 OB 1.33×105 0 0.192 25.6 0.00 0.00 1.08×105 1.08×105 1.79×105 1.79×105

GRO 1 1.24×105 -3 0.054 18.1 0.00 0.00 0.00 0.00 6.67×105 6.67×105

GRO 2 IB 1.24×105 -3 0.054 19.1 1.20×105 1.20×105 -1.20×105 -1.20×105 6.01×105 6.01×105

GRO 2 OB 1.24×105 -3 0.054 19.1 1.20×105 1.20×105 1.20×105 1.20×105 6.01×105 6.01×105

BRR 1 1.00×105 0 0.054 22.0 3.34×105 3.34×105 0.00 0.00 4.17×105 4.17×105

BRR 2 9.30×104 -3 0.054 22.4 3.10×105 3.10×105 0.00 0.00 3.88×105 3.88×105

BRR 3 1.34×105 0 0.054 20.8 3.93×105 3.93×105 0.00 0.00 4.91×105 4.91×105

BRR 4 1.24×105 -3 0.054 21.3 3.65×105 3.65×105 0.00 0.00 4.57×105 4.57×105

TRN 1 IB 1.24×105 -3 0.054 23.7 0.00 0.00 -1.52×105 -1.52×105 3.05×105 3.05×105

TRN 1 OB 1.24×105 -3 0.054 23.7 0.00 0.00 1.52×105 1.52×105 3.05×105 3.05×105

PIV 1 1.24×105 -3 0.054 21.3 3.65×105 3.65×105 0.00 0.00 4.57×105 4.57×105

RBR 1 1.24×105 -3 0.054 23.7 -1.67×105 -1.67×105 0.00 0.00 3.05×105 3.05×105
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D.3. Family Design
D.3.1. Gear Model Generation
FV-800

Figure D.7: FV-800 single optimisation gear - loading diagram.
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Figure D.8: FV-800 single optimisation gear - wing tip, nose, nose gear, left main gear and right main gear turning radii for a
right turn with maximum nose gear steering angle.
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Figure D.9: FV-800 single optimisation main landing gear retraction kinematics, left view, back view and top view.

Table D.20: FV-800 single optimisation gear model node specifications (static position). Nodes are defined as illustrated in
Figure 5.14.

Node x (m) y (m) z (m) Type Node x (m) y (m) z (m) Type
O1 0.000 0.000 0.000 Beam S7 0.852 0.000 -3.949 Beam
D1 0.309 -1.044 0.155 - S8 0.863 0.000 -4.098 Beam
D2 0.267 -0.902 0.133 Beam A1 0.475 0.000 -3.574 Hinge
D3 -0.267 0.902 -0.133 Beam A2 0.613 0.000 -3.965 Hinge
D4 -0.309 1.044 -0.155 - A3 -0.044 0.000 -3.849 Hinge
D5 1.319 -0.541 -1.273 Hinge A4 0.116 0.000 -3.802 Beam
D6 0.048 0.541 -1.797 Hinge A5 -0.138 0.000 -3.885 Hinge
C1 2.107 -0.101 0.367 - A6 0.303 0.000 -4.528 Hinge
C2 0.885 1.031 0.083 - B1 0.893 0.000 -4.539 Hinge
C3 1.399 -0.521 -1.053 Hinge B2 0.879 0.000 -4.819 Beam
C4 0.128 0.561 -1.577 Hinge B3 0.290 0.000 -4.788 Beam
C5 1.886 0.800 -1.150 - KL 1.588 -0.700 -4.856 Hinge
C6 1.115 0.231 -3.760 Universal KC 1.588 0.000 -4.856 Beam
C7 1.138 0.231 -4.079 Beam KR 1.588 0.700 -4.856 Hinge
O2 0.683 0.000 -1.535 Beam LL 0.170 -0.700 -4.782 Hinge
S1 1.156 -0.403 -1.340 Beam LC 0.170 0.000 -4.782 Beam
S2 0.233 0.383 -1.721 Beam LR 0.170 0.700 -4.782 Hinge
S3 0.934 -0.119 -3.063 Beam ML 1.560 -0.700 -5.384 -
S4 0.791 0.000 -3.073 Beam MR 1.560 0.700 -5.384 -
S5 0.648 0.119 -3.083 Beam NL 0.142 -0.700 -5.310 -
S6 0.824 0.000 -3.550 Beam NR 0.142 0.700 -5.310 -
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FV-900

Figure D.10: FV-900 single optimisation gear - loading diagram.
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Figure D.11: FV-900 single optimisation gear - wing tip, nose, nose gear, left main gear and right main gear turning radii for a
right turn with maximum nose gear steering angle.
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Figure D.12: FV-900 single optimisation main landing gear retraction kinematics, left view, back view and top view.

Table D.21: FV-900 single optimisation gear model node specifications (static position). Nodes are defined as illustrated in
Figure 5.14.

Node x (m) y (m) z (m) Type Node x (m) y (m) z (m) Type
O1 0.000 0.000 0.000 Beam S7 0.930 0.000 -4.374 Beam
D1 0.323 -1.092 0.162 - S8 0.940 0.000 -4.523 Beam
D2 0.281 -0.949 0.140 Beam A1 0.553 0.000 -3.999 Hinge
D3 -0.281 0.949 -0.140 Beam A2 0.690 0.000 -4.390 Hinge
D4 -0.323 1.092 -0.162 - A3 -0.140 0.000 -4.138 Hinge
D5 1.376 -0.541 -1.400 Hinge A4 -0.197 0.000 -4.073 Beam
D6 0.105 0.541 -1.925 Hinge A5 -0.240 0.000 -4.148 Hinge
C1 2.375 -0.021 0.360 - A6 0.202 0.000 -4.955 Hinge
C2 1.111 1.081 -0.045 - B1 0.972 0.000 -4.975 Hinge
C3 1.456 -0.521 -1.180 Hinge B2 0.957 0.000 -5.255 Beam
C4 0.185 0.561 -1.705 Hinge B3 0.188 0.000 -5.215 Beam
C5 2.062 0.880 -1.260 - KL 1.946 -0.700 -5.307 Hinge
C6 1.193 0.231 -4.185 Universal KC 1.946 0.000 -5.307 Beam
C7 1.215 0.231 -4.504 Beam KR 1.946 0.700 -5.307 Hinge
O2 0.740 0.000 -1.663 Beam LL -0.031 -0.700 -5.203 Hinge
S1 1.213 -0.403 -1.468 Beam LC -0.031 0.000 -5.203 Beam
S2 0.290 0.383 -1.848 Beam LR -0.031 0.700 -5.203 Hinge
S3 1.003 -0.119 -3.369 Beam ML 1.916 -0.700 -5.879 -
S4 0.860 0.000 -3.379 Beam MR 1.916 0.700 -5.879 -
S5 0.717 0.119 -3.389 Beam NL -0.061 -0.700 -5.775 -
S6 0.902 0.000 -3.975 Beam NR -0.061 0.700 -5.775 -
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D.3.2. Structural Sizing
FV-800

Table D.22: FV-800 single optimisation right main landing gear structural loads for critical load case in each component.

Member LC ID Vx (N) Vy (N) Nz (N) Mx (N) My (N) Tz (N) Failure mode
Upper strut trunnion BRR 4 9.59×105 -1.69×106 -2.69×105 -2.53×105 -1.21×105 -9.41×103 Stress
Drop link member 1 GRO 2 IB 5.62×103 3.52×104 -1.35×106 -3.86×104 5.37×103 3.85×103 Stress
Drop link member 2 GRO 2 IB -1.77×103 1.93×104 3.06×105 -2.09×104 -2.04×103 2.26×103 Stress
Drop link member 3 None - - - - - - Machinability
Drop link member 4 BRR 4 -2.23×104 3.01×104 1.85×106 -2.60×104 -2.16×104 2.02×103 Stress
Drop link brace 1 None - - - - - - Machinability
Drop link brace 2 GRO 2 IB 4.66×104 8.35×102 -1.39×106 -8.13×101 4.70×104 -1.80×103 Stress
Shock strut trunnion GRO 2 IB 4.07×104 1.95×106 -7.10×105 -3.57×105 4.52×104 1.96×103 Stress
Shock strut cylinder BRR 3 -4.49×105 4.71×105 6.81×105 -1.03×106 -7.88×105 -5.94×104 Stress
Shock strut piston BRR 3 2.97×103 1.19×106 -1.29×106 -8.52×105 -1.13×104 -8.89×103 Stress
Shock strut brace 1 GRO 2 IB -2.12×104 2.77×104 2.42×106 5.68×104 1.28×104 2.61×103 Stress
Shock strut brace 2 BRR 4 -1.65×104 -6.73×104 -2.20×106 -6.60×104 1.35×104 3.19×103 Stress
Shock strut brace 3 BRR 3 1.77×104 6.26×103 -2.14×106 0.00 0.00 0.00 Buckling
Bogie beam GRO 1 4.74×102 9.28×105 0.00 6.57×105 -3.95×102 -1.77×102 Stress
Aft wheel axle GRO 2 OB 1.05×105 4.13×105 8.36×104 3.26×105 7.52×104 1.74×103 Stress
Front wheel axle GRO 2 OB 1.05×105 4.13×105 8.36×104 3.26×105 7.54×104 1.18×103 Stress
AM member 1 LVL 3 P1 SU 7.52×103 -5.16×104 1.45×106 -1.86×104 1.67×103 7.67×102 Stress
AM member 2 LVL 3 P1 SU -1.73×103 2.67×104 -1.36×106 2.08 -3.84×102 1.23×102 Stress
AM member 3 SLL 2 P1 IB -3.40×104 6.60×102 3.18×105 -1.80×102 -2.72×104 -1.79×103 Stress
Shortening members GRO 1 0.00 0.00 -6.67×105 0.00 0.00 0.00 Stress

Table D.23: FV-800 single optimisation right main landing gear structural member sizing. Nodes are defined as illustrated in
Figure 5.14. Dimensions shown in bold are fixed, based on either the piston diameter or wheel rim diameter, as described in

Section 3.5.

Member Nodes l (m) ri (m) ro (m) t (m) A (m2) m (kg)
Upper strut trunnion D1-D2-O1-D3-D4 2.200 0.101 0.114 0.013 0.008 146.1
Drop link member 1 D2-D5 1.793 0.049 0.057 0.008 0.003 39.1
Drop link member 2 O1-D5 1.911 0.054 0.057 0.003 0.001 15.4
Drop link member 3 O1-D6 1.877 0.054 0.057 0.003 0.001 14.3
Drop link member 4 D3-D6 1.731 0.048 0.057 0.009 0.003 41.7
Drop link brace 1 C2-C4 1.884 0.054 0.057 0.003 0.001 14.3
Drop link brace 2 C1-C3 1.642 0.047 0.057 0.010 0.003 40.7
Shock strut trunnion D5-S1-O2-S3-D6 1.750 0.099 0.114 0.015 0.010 134.7
Shock strut cylinder O2-S4-S6-S7-S8 2.570 0.143 0.162 0.019 0.018 360.0
Shock strut piston S8-B1 1.6271,2 0.126 0.143 0.017 0.014 184.6
Shock strut brace 1 S1-S3 1.761 0.062 0.072 0.010 0.004 55.7
Shock strut brace 2 S2-S5 1.449 0.062 0.072 0.010 0.004 46.7
Shock strut brace 3 C5-C6 2.780 0.088 0.093 0.005 0.003 67.1
Bogie beam K-B2-L 1.420 0.132 0.143 0.011 0.010 110.0
Aft wheel axle KL-KR 1.400 0.103 0.112 0.009 0.006 70.0
Front wheel axle LL-LR 1.400 0.103 0.112 0.009 0.006 70.0
AM member 13 A1-A4 1.0701 0.033 0.043 0.010 0.002 20.3
AM member 23 A2-A3 0.9031 0.038 0.043 0.005 0.001 9.3
AM member 33 A5-A6 0.7801 0.036 0.043 0.007 0.002 10.5
Shortening members - 0.500 0.036 0.043 0.007 0.002 6.8
Total - - - - - -

1 Extended length plus a margin of 2.75 times the respective piston diameter (Section 3.4.2).
2 Includes the bogie pivot offset distance loffset is added here.
3 Articulation mechanism.
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Table D.24: Overview of FV-800 single optimisation external main gear loads.

LC ID mmlg (kg) θ
(◦)

xs
(m)

rtyre
(in)

Fx,KL,KR
(N)

Fx,LL,LR
(N)

Fy,ML,MR
(N)

Fy,NL,NR
(N)

Fz,KL,KR
(N)

Fz,LL,LR
(N)

LVL 1 P1 SU 6.95×104 0 0.468 24.2 1.18×105 0.00 0.00 0.00 1.84×105 0.00
LVL 1 P1 SB 6.95×104 0 0.468 24.2 -1.18×105 0.00 0.00 0.00 1.84×105 0.00
LVL 1 P2 SU 6.95×104 0 0.159 22.5 4.69×104 1.20×105 0.00 0.00 1.87×105 1.87×105

LVL 1 P2 SB 6.95×104 0 0.159 22.5 4.69×104 -1.20×105 0.00 0.00 1.87×105 1.87×105

LVL 2 P1 SU 6.28×104 -3 0.468 24.4 1.07×105 0.00 0.00 0.00 1.66×105 0.00
LVL 2 P1 SB 6.28×104 -3 0.468 24.4 -1.07×105 0.00 0.00 0.00 1.66×105 0.00
LVL 2 P2 SU 6.46×104 -3 0.159 22.8 4.35×104 1.11×105 0.00 0.00 1.74×105 1.74×105

LVL 2 P2 SB 6.46×104 -3 0.159 22.8 4.35×104 -1.11×105 0.00 0.00 1.74×105 1.74×105

LVL 3 P1 SU 9.25×104 0 0.468 23.7 1.57×105 0.00 0.00 0.00 2.45×105 0.00
LVL 3 P1 SB 9.25×104 0 0.468 23.7 -1.57×105 0.00 0.00 0.00 2.45×105 0.00
LVL 3 P2 SU 9.25×104 0 0.159 21.4 6.24×104 1.60×105 0.00 0.00 2.50×105 2.50×105

LVL 3 P2 SB 9.25×104 0 0.159 21.4 6.24×104 -1.60×105 0.00 0.00 2.50×105 2.50×105

LVL 4 P1 SU 8.36×104 -3 0.468 23.9 1.42×105 0.00 0.00 0.00 2.22×105 0.00
LVL 4 P1 SB 8.36×104 -3 0.468 23.9 -1.42×105 0.00 0.00 0.00 2.22×105 0.00
LVL 4 P2 SU 8.59×104 -3 0.159 21.7 5.80×104 1.48×105 0.00 0.00 2.32×105 2.32×105

LVL 4 P2 SB 8.59×104 -3 0.159 21.7 5.80×104 -1.48×105 0.00 0.00 2.32×105 2.32×105

LAT 1 P1 SU/IB 6.95×104 0 0.492 24.6 8.84×104 0.00 -3.45×104 0.00 1.38×105 0.00
LAT 1 P1 SU/OB 6.95×104 0 0.492 24.6 8.84×104 0.00 3.45×104 0.00 1.38×105 0.00
LAT 1 P1 SB/IB 6.95×104 0 0.492 24.6 -8.84×104 0.00 -3.45×104 0.00 1.38×105 0.00
LAT 1 P1 SB/OB 6.95×104 0 0.492 24.6 -8.84×104 0.00 3.45×104 0.00 1.38×105 0.00
LAT 1 P2 SU/IB 6.95×104 0 0.167 23.4 5.62×104 9.00×104 -3.52×104 -3.52×104 1.41×105 1.41×105

LAT 1 P2 SU/OB 6.95×104 0 0.167 23.4 5.62×104 9.00×104 3.52×104 3.52×104 1.41×105 1.41×105

LAT 1 P2 SB/IB 6.95×104 0 0.167 23.4 5.62×104 -9.00×104 -3.52×104 -3.52×104 1.41×105 1.41×105

LAT 1 P2 SB/OB 6.95×104 0 0.167 23.4 5.62×104 -9.00×104 3.52×104 3.52×104 1.41×105 1.41×105

LAT 2 P1 SU/IB 6.28×104 -3 0.492 24.8 7.99×104 0.00 -3.12×104 0.00 1.25×105 0.00
LAT 2 P1 SU/OB 6.28×104 -3 0.492 24.8 7.99×104 0.00 3.12×104 0.00 1.25×105 0.00
LAT 2 P1 SB/IB 6.28×104 -3 0.492 24.8 -7.99×104 0.00 -3.12×104 0.00 1.25×105 0.00
LAT 2 P1 SB/OB 6.28×104 -3 0.492 24.8 -7.99×104 0.00 3.12×104 0.00 1.25×105 0.00
LAT 2 P2 SU/IB 6.46×104 -3 0.167 23.5 5.23×104 8.36×104 -3.27×104 -3.27×104 1.31×105 1.31×105

LAT 2 P2 SU/OB 6.46×104 -3 0.167 23.5 5.23×104 8.36×104 3.27×104 3.27×104 1.31×105 1.31×105

LAT 2 P2 SB/IB 6.46×104 -3 0.167 23.5 5.23×104 -8.36×104 -3.27×104 -3.27×104 1.31×105 1.31×105

LAT 2 P2 SB/OB 6.46×104 -3 0.167 23.5 5.23×104 -8.36×104 3.27×104 3.27×104 1.31×105 1.31×105

TDL 1 P1 SU 6.95×104 14 0.468 24.2 1.18×105 0.00 0.00 0.00 1.84×105 0.00
TDL 1 P1 SB 6.95×104 14 0.468 24.2 -1.18×105 0.00 0.00 0.00 1.84×105 0.00
TDL 1 P2 SU 6.95×104 14 0.159 22.5 0.00 1.20×105 0.00 0.00 1.87×105 1.87×105

TDL 1 P2 SB 6.95×104 14 0.159 22.5 0.00 -1.20×105 0.00 0.00 1.87×105 1.87×105

TDL 2 P1 SU 9.25×104 14 0.468 23.7 1.57×105 0.00 0.00 0.00 2.45×105 0.00
TDL 2 P1 SB 9.25×104 14 0.468 23.7 -1.57×105 0.00 0.00 0.00 2.45×105 0.00
TDL 2 P2 SU 9.25×104 14 0.159 21.4 0.00 1.60×105 0.00 0.00 2.50×105 2.50×105

TDL 2 P2 SB 9.25×104 14 0.159 21.4 0.00 -1.60×105 0.00 0.00 2.50×105 2.50×105

OGL 1 P1 SU 6.95×104 0 0.468 24.2 1.18×105 0.00 0.00 0.00 1.84×105 0.00
OGL 1 P1 SB 6.95×104 0 0.468 24.2 -1.18×105 0.00 0.00 0.00 1.84×105 0.00
OGL 1 P2 SU 6.95×104 0 0.159 22.5 4.69×104 1.20×105 0.00 0.00 1.87×105 1.87×105

OGL 1 P2 SB 6.95×104 0 0.159 22.5 4.69×104 -1.20×105 0.00 0.00 1.87×105 1.87×105

OGL 2 P1 SU 9.25×104 0 0.468 23.7 1.57×105 0.00 0.00 0.00 2.45×105 0.00
OGL 2 P1 SB 9.25×104 0 0.468 23.7 -1.57×105 0.00 0.00 0.00 2.45×105 0.00
OGL 2 P2 SU 9.25×104 0 0.159 21.4 6.24×104 1.60×105 0.00 0.00 2.50×105 2.50×105

OGL 2 P2 SB 9.25×104 0 0.159 21.4 6.24×104 -1.60×105 0.00 0.00 2.50×105 2.50×105

SLL 1 P1 IB 6.95×104 0 0.468 25.1 0.00 0.00 -7.36×104 0.00 9.20×104 0.00
SLL 1 P1 OB 6.95×104 0 0.468 25.1 0.00 0.00 5.52×104 0.00 9.20×104 0.00
SLL 1 P2 IB 6.95×104 0 0.159 24.2 0.00 0.00 -7.50×104 -7.50×104 9.37×104 9.37×104

SLL 1 P2 OB 6.95×104 0 0.159 24.2 0.00 0.00 5.62×104 5.62×104 9.37×104 9.37×104

SLL 2 P1 IB 9.25×104 0 0.468 24.8 0.00 0.00 -9.80×104 0.00 1.23×105 0.00
SLL 2 P1 OB 9.25×104 0 0.468 24.8 0.00 0.00 7.35×104 0.00 1.23×105 0.00
SLL 2 P2 IB 9.25×104 0 0.159 23.6 0.00 0.00 -9.98×104 -9.98×104 1.25×105 1.25×105

SLL 2 P2 OB 9.25×104 0 0.159 23.6 0.00 0.00 7.49×104 7.49×104 1.25×105 1.25×105

GRO 1 8.60×104 -3 0.042 17.6 0.00 0.00 0.00 0.00 4.64×105 4.64×105

GRO 2 IB 8.60×104 -3 0.042 18.4 8.35×104 8.35×104 -8.35×104 -8.35×104 4.18×105 4.18×105

GRO 2 OB 8.60×104 -3 0.042 18.4 8.35×104 8.35×104 8.35×104 8.35×104 4.18×105 4.18×105

BRR 1 6.95×104 0 0.042 20.7 2.32×105 2.32×105 0.00 0.00 2.90×105 2.90×105

BRR 2 6.46×104 -3 0.042 21.1 2.16×105 2.16×105 0.00 0.00 2.69×105 2.69×105

BRR 3 9.30×104 0 0.042 19.8 2.74×105 2.74×105 0.00 0.00 3.42×105 3.42×105

BRR 4 8.65×104 -3 0.042 20.2 2.54×105 2.54×105 0.00 0.00 3.18×105 3.18×105

TRN 1 IB 8.65×104 -3 0.042 22.1 0.00 0.00 -1.06×105 -1.06×105 2.12×105 2.12×105

TRN 1 OB 8.65×104 -3 0.042 22.1 0.00 0.00 1.06×105 1.06×105 2.12×105 2.12×105

PIV 1 8.65×104 -3 0.042 20.2 2.54×105 2.54×105 0.00 0.00 3.18×105 3.18×105

RBR 1 8.65×104 -3 0.042 22.1 -1.17×105 -1.17×105 0.00 0.00 2.12×105 2.12×105
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FV-900
Table D.25: FV-900 single optimisation right main landing gear structural loads for critical load case in each component.

Member LC ID Vx (N) Vy (N) Nz (N) Mx (N) My (N) Tz (N) Failure mode
Upper strut trunnion BRR 4 1.19E+06 -2.21E+06 -3.63E+05 -3.18E+05 -1.55E+05 -1.11E+04 Stress
Drop link member 1 GRO 2 IB 1.87E+04 4.75E+04 -1.88E+06 -5.84E+04 2.30E+04 4.11E+03 Stress
Drop link member 2 GRO 2 IB 3.33E+03 2.77E+04 2.55E+05 -3.38E+04 7.41E+03 4.13E+03 Stress
Drop link member 3 None - - - - - - Machinability
Drop link member 4 BRR 3 -2.43E+04 3.71E+04 2.45E+06 -3.22E+04 -2.40E+04 1.55E+03 Stress
Drop link brace 1 None - - - - - - Machinability
Drop link brace 2 GRO 2 IB 4.67E+04 2.62E+03 -1.79E+06 -3.01E+02 5.66E+04 -4.97E+03 Stress
Shock strut trunnion BRR 4 7.46E+04 2.42E+06 -4.56E+05 5.35E+05 -3.72E+04 5.31E+03 Stress
Shock strut cylinder BRR 3 -5.77E+05 6.08E+05 8.45E+05 -1.41E+06 -1.08E+06 -8.17E+04 Stress
Shock strut piston BRR 3 2.40E+03 1.50E+06 -1.63E+06 -1.10E+06 -2.34E+04 -2.03E+04 Stress
Shock strut brace 1 GRO 2 IB -3.09E+04 1.66E+04 3.28E+06 6.81E+04 1.72E+04 3.86E+03 Stress
Shock strut brace 2 BRR 4 -2.23E+04 -8.89E+04 -3.01E+06 -8.83E+04 1.87E+04 4.30E+03 Stress
Shock strut brace 3 BRR 3 3.26E+04 8.52E+03 -2.69E+06 2.49E-08 5.82E-09 -1.27E-06 Buckling
Bogie beam GRO 1 2.68E+02 1.18E+06 6.21E+00 1.16E+06 -3.44E+02 -4.80E+02 Stress
Aft wheel axle GRO 2 OB -1.34E+05 5.23E+05 1.06E+05 4.16E+05 9.52E+04 3.19E+03 Stress
Front wheel axle GRO 2 OB -1.34E+05 5.23E+05 1.06E+05 4.16E+05 9.59E+04 1.44E+03 Stress
AM member 1 LVL 3 P1 SU 3.87E+03 -7.31E+04 1.52E+06 -3.06E+04 6.95E+02 6.70E+02 Stress
AM member 2 LVL 3 P1 SU -1.84E+03 -3.67E+04 -1.56E+06 -1.28E-01 -2.39E+01 -5.63E+01 Stress
AM member 3 SLL 2 P1 IB -3.09E+04 1.23E+03 3.00E+05 -2.64E+02 -2.77E+04 -1.72E+03 Stress
Shortening members GRO 1 0.00E+00 0.00E+00 -9.42E+05 0.00E+00 0.00E+00 0.00E+00 Stress

Table D.26: FV-900 single optimisation right main landing gear structural member sizing. Nodes are defined as illustrated in
Figure 5.14. Dimensions shown in bold are fixed, based on either the piston diameter or wheel rim diameter, as described in

Section 3.5.

Member Nodes l (m) ri (m) ro (m) t (m) A (m2) m (kg)
Upper strut trunnion D1-D2-O1-D3-D4 2.300 0.113 0.127 0.014 0.010 187.7
Drop link member 1 D2-D5 1.934 0.053 0.064 0.011 0.004 60.3
Drop link member 2 O1-D5 2.036 0.061 0.064 0.003 0.001 21.3
Drop link member 3 O1-D6 2.002 0.061 0.064 0.003 0.001 19.2
Drop link member 4 D3-D6 1.871 0.054 0.064 0.010 0.004 54.3
Drop link brace 1 C2-C4 1.971 0.061 0.064 0.003 0.001 18.9
Drop link brace 2 C1-C3 1.862 0.054 0.064 0.010 0.004 53.3
Shock strut trunnion D5-S1-O2-S3-D6 1.750 0.110 0.127 0.017 0.012 170.4
Shock strut cylinder O2-S4-S6-S7-S8 2.868 0.159 0.180 0.021 0.022 495.4
Shock strut piston S8-B1 1.8621,2 0.141 0.159 0.018 0.017 247.8
Shock strut brace 1 S1-S3 1.934 0.069 0.080 0.011 0.005 75.8
Shock strut brace 2 S2-S5 1.621 0.069 0.080 0.011 0.005 67.5
Shock strut brace 3 C5-C6 3.183 0.096 0.103 0.007 0.004 103.8
Bogie beam K-B2-L 1.980 0.142 0.159 0.017 0.016 245.0
Aft wheel axle KL-KR 1.400 0.106 0.117 0.011 0.008 86.7
Front wheel axle LL-LR 1.400 0.106 0.117 0.011 0.008 86.7
AM member 13 A1-A4 1.2721 0.037 0.048 0.011 0.003 29.5
AM member 23 A2-A3 1.1031 0.043 0.048 0.005 0.001 12.8
AM member 33 A5-A6 0.9201 0.043 0.048 0.005 0.002 10.9
Shortening members - 0.500 0.040 0.048 0.008 0.002 8.6
Total - - - - - - 2056

1 Extended length plus a margin of 2.75 times the respective piston diameter (Section 3.4.2).
2 Includes the bogie pivot offset distance loffset is added here.
3 Articulation mechanism.
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Table D.27: Overview of FV-900 single optimisation external main gear loads.

LC ID mmlg (kg) θ
(◦)

xs
(m)

rtyre
(in)

Fx,KL,KR
(N)

Fx,LL,LR
(N)

Fy,ML,MR
(N)

Fy,NL,NR
(N)

Fz,KL,KR
(N)

Fz,LL,LR
(N)

LVL 1 P1 SU 8.80×104 0 0.587 26.7 1.02×105 0.00 0.00 0.00 1.60×105 0.00
LVL 1 P1 SB 8.80×104 0 0.587 26.7 -1.02×105 0.00 0.00 0.00 1.60×105 0.00
LVL 1 P2 SU 8.80×104 0 0.188 24.3 5.94×104 1.52×105 0.00 0.00 2.37×105 2.37×105

LVL 1 P2 SB 8.80×104 0 0.188 24.3 5.94×104 -1.52×105 0.00 0.00 2.37×105 2.37×105

LVL 2 P1 SU 7.91×104 -3 0.587 26.8 9.18×104 0.00 0.00 0.00 1.43×105 0.00
LVL 2 P1 SB 7.91×104 -3 0.587 26.8 -9.18×104 0.00 0.00 0.00 1.43×105 0.00
LVL 2 P2 SU 8.19×104 -3 0.188 24.6 5.52×104 1.41×105 0.00 0.00 2.21×105 2.21×105

LVL 2 P2 SB 8.19×104 -3 0.188 24.6 5.52×104 -1.41×105 0.00 0.00 2.21×105 2.21×105

LVL 3 P1 SU 1.17×105 0 0.587 26.3 1.36×105 0.00 0.00 0.00 2.12×105 0.00
LVL 3 P1 SB 1.17×105 0 0.587 26.3 -1.36×105 0.00 0.00 0.00 2.12×105 0.00
LVL 3 P2 SU 1.17×105 0 0.188 23.1 7.89×104 2.02×105 0.00 0.00 3.16×105 3.16×105

LVL 3 P2 SB 1.17×105 0 0.188 23.1 7.89×104 -2.02×105 0.00 0.00 3.16×105 3.16×105

LVL 4 P1 SU 1.05×105 -3 0.587 26.5 1.22×105 0.00 0.00 0.00 1.91×105 0.00
LVL 4 P1 SB 1.05×105 -3 0.587 26.5 -1.22×105 0.00 0.00 0.00 1.91×105 0.00
LVL 4 P2 SU 1.09×105 -3 0.188 23.4 7.34×104 1.88×105 0.00 0.00 2.94×105 2.94×105

LVL 4 P2 SB 1.09×105 -3 0.188 23.4 7.34×104 -1.88×105 0.00 0.00 2.94×105 2.94×105

LAT 1 P1 SU/IB 8.80×104 0 0.618 27.0 7.67×104 0.00 -2.99×104 0.00 1.20×105 0.00
LAT 1 P1 SU/OB 8.80×104 0 0.618 27.0 7.67×104 0.00 2.99×104 0.00 1.20×105 0.00
LAT 1 P1 SB/IB 8.80×104 0 0.618 27.0 -7.67×104 0.00 -2.99×104 0.00 1.20×105 0.00
LAT 1 P1 SB/OB 8.80×104 0 0.618 27.0 -7.67×104 0.00 2.99×104 0.00 1.20×105 0.00
LAT 1 P2 SU/IB 8.80×104 0 0.197 25.2 7.12×104 1.14×105 -4.45×104 -4.45×104 1.78×105 1.78×105

LAT 1 P2 SU/OB 8.80×104 0 0.197 25.2 7.12×104 1.14×105 4.45×104 4.45×104 1.78×105 1.78×105

LAT 1 P2 SB/IB 8.80×104 0 0.197 25.2 7.12×104 -1.14×105 -4.45×104 -4.45×104 1.78×105 1.78×105

LAT 1 P2 SB/OB 8.80×104 0 0.197 25.2 7.12×104 -1.14×105 4.45×104 4.45×104 1.78×105 1.78×105

LAT 2 P1 SU/IB 7.91×104 -3 0.618 27.1 6.89×104 0.00 -2.69×104 0.00 1.08×105 0.00
LAT 2 P1 SU/OB 7.91×104 -3 0.618 27.1 6.89×104 0.00 2.69×104 0.00 1.08×105 0.00
LAT 2 P1 SB/IB 7.91×104 -3 0.618 27.1 -6.89×104 0.00 -2.69×104 0.00 1.08×105 0.00
LAT 2 P1 SB/OB 7.91×104 -3 0.618 27.1 -6.89×104 0.00 2.69×104 0.00 1.08×105 0.00
LAT 2 P2 SU/IB 8.19×104 -3 0.197 25.4 6.63×104 1.06×105 -4.14×104 -4.14×104 1.66×105 1.66×105

LAT 2 P2 SU/OB 8.19×104 -3 0.197 25.4 6.63×104 1.06×105 4.14×104 4.14×104 1.66×105 1.66×105

LAT 2 P2 SB/IB 8.19×104 -3 0.197 25.4 6.63×104 -1.06×105 -4.14×104 -4.14×104 1.66×105 1.66×105

LAT 2 P2 SB/OB 8.19×104 -3 0.197 25.4 6.63×104 -1.06×105 4.14×104 4.14×104 1.66×105 1.66×105

TDL 1 P1 SU 8.80×104 14 0.587 26.7 1.02×105 0.00 0.00 0.00 1.60×105 0.00
TDL 1 P1 SB 8.80×104 14 0.587 26.7 -1.02×105 0.00 0.00 0.00 1.60×105 0.00
TDL 1 P2 SU 8.80×104 14 0.188 24.3 0.00 1.52×105 0.00 0.00 2.37×105 2.37×105

TDL 1 P2 SB 8.80×104 14 0.188 24.3 0.00 -1.52×105 0.00 0.00 2.37×105 2.37×105

TDL 2 P1 SU 1.17×105 14 0.587 26.3 1.36×105 0.00 0.00 0.00 2.12×105 0.00
TDL 2 P1 SB 1.17×105 14 0.587 26.3 -1.36×105 0.00 0.00 0.00 2.12×105 0.00
TDL 2 P2 SU 1.17×105 14 0.188 23.1 0.00 2.02×105 0.00 0.00 3.16×105 3.16×105

TDL 2 P2 SB 1.17×105 14 0.188 23.1 0.00 -2.02×105 0.00 0.00 3.16×105 3.16×105

OGL 1 P1 SU 8.80×104 0 0.587 26.7 1.02×105 0.00 0.00 0.00 1.60×105 0.00
OGL 1 P1 SB 8.80×104 0 0.587 26.7 -1.02×105 0.00 0.00 0.00 1.60×105 0.00
OGL 1 P2 SU 8.80×104 0 0.188 24.3 5.94×104 1.52×105 0.00 0.00 2.37×105 2.37×105

OGL 1 P2 SB 8.80×104 0 0.188 24.3 5.94×104 -1.52×105 0.00 0.00 2.37×105 2.37×105

OGL 2 P1 SU 1.17×105 0 0.587 26.3 1.36×105 0.00 0.00 0.00 2.12×105 0.00
OGL 2 P1 SB 1.17×105 0 0.587 26.3 -1.36×105 0.00 0.00 0.00 2.12×105 0.00
OGL 2 P2 SU 1.17×105 0 0.188 23.1 7.89×104 2.02×105 0.00 0.00 3.16×105 3.16×105

OGL 2 P2 SB 1.17×105 0 0.188 23.1 7.89×104 -2.02×105 0.00 0.00 3.16×105 3.16×105

SLL 1 P1 IB 8.80×104 0 0.587 27.3 0.00 0.00 -6.39×104 0.00 7.99×104 0.00
SLL 1 P1 OB 8.80×104 0 0.587 27.3 0.00 0.00 4.79×104 0.00 7.99×104 0.00
SLL 1 P2 IB 8.80×104 0 0.188 26.1 0.00 0.00 -9.50×104 -9.50×104 1.19×105 1.19×105

SLL 1 P2 OB 8.80×104 0 0.188 26.1 0.00 0.00 7.12×104 7.12×104 1.19×105 1.19×105

SLL 2 P1 IB 1.17×105 0 0.587 27.1 0.00 0.00 -8.49×104 0.00 1.06×105 0.00
SLL 2 P1 OB 1.17×105 0 0.587 27.1 0.00 0.00 6.37×104 0.00 1.06×105 0.00
SLL 2 P2 IB 1.17×105 0 0.188 25.5 0.00 0.00 -1.26×105 -1.26×105 1.58×105 1.58×105

SLL 2 P2 OB 1.17×105 0 0.188 25.5 0.00 0.00 9.47×104 9.47×104 1.58×105 1.58×105

GRO 1 1.09×105 -3 0.053 18.9 0.00 0.00 0.00 0.00 5.88×105 5.88×105

GRO 2 IB 1.09×105 -3 0.053 19.8 1.06×105 1.06×105 -1.06×105 -1.06×105 5.29×105 5.29×105

GRO 2 OB 1.09×105 -3 0.053 19.8 1.06×105 1.06×105 1.06×105 1.06×105 5.29×105 5.29×105

BRR 1 8.80×104 0 0.053 22.3 2.94×105 2.94×105 0.00 0.00 3.67×105 3.67×105

BRR 2 8.19×104 -3 0.053 22.7 2.73×105 2.73×105 0.00 0.00 3.42×105 3.42×105

BRR 3 1.18×105 0 0.053 21.3 3.46×105 3.46×105 0.00 0.00 4.32×105 4.32×105

BRR 4 1.09×105 -3 0.053 21.8 3.22×105 3.22×105 0.00 0.00 4.03×105 4.03×105

TRN 1 IB 1.09×105 -3 0.053 23.8 0.00 0.00 -1.34×105 -1.34×105 2.68×105 2.68×105

TRN 1 OB 1.09×105 -3 0.053 23.8 0.00 0.00 1.34×105 1.34×105 2.68×105 2.68×105

PIV 1 1.09×105 -3 0.053 21.8 3.22×105 3.22×105 0.00 0.00 4.03×105 4.03×105

RBR 1 1.09×105 -3 0.053 23.8 -1.48×105 -1.48×105 0.00 0.00 2.68×105 2.68×105
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