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Abstract

This paper presents the design, development, realization, and validation of a deployable Nose Landing
Gear (NLG) system for a typical winged 4 tonne class re-entry vehicle . The Nose landing gear system
includes a landing gear deployment mechanism, downlock mechanism, oleo-pneumatic strut, and steering
actuator. A tricyclic telescopic configuration was chosen for stability and geometric constraints. The system
was designed to meet Federal Aviation Regulations Part 23 requirements. A simulation model was
developed to validate mathematical models and experimental results. An engineering model was fabricated
and tested through drop tests and actuator performance trials. The NLG system demonstrated robustness
and suitability for safe operation at higher touchdown speeds. The system's mass is approximately 120 kg,
with a load factor limited to 2.6. The kinematic behavior of the deployable landing gear system was validated
during deployment, retraction, and downlock operations and dynamic behavior of the landing gear shock
absorption system was validated in landing gear drop test rig. An electromechanical actuator was chosen
for nose wheel steering due to its high reliability and precision.

Nomenclature

B Tip back angle

U] Turn over angle

a Tail down angle

M Mass of the spacecraft per strut

Me Equivalent drop mass of the spacecraft per strut
m unsprung mass

Fs Force inside the strut

a Tire stiffness

Z1 Displacement of cylinder

Z2 Displacement of piston

g Acceleration due to gravity (9.8 m/s?)
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Introduction

A well-designed landing gear system is essential for aerospace vehicles as it supports the vehicle's weight,
cushions the impact of landing, and facilitates smooth ground movement. For vehicles that re-enter the
earth's atmosphere and land on a runway autonomously, a deployable landing gear system is vital. By
retracting into the vehicle's body, this system minimizes aerodynamic drag during ascent and orbit, making
it particularly important for reusable platforms that spend extended periods in orbit before re-entering and
landing precisely.

Several landing gear configurations are available, including tail-dragger, tandem, and tri-cycle
arrangements. In contrast to the tail-dragger and tandem configurations, which feature wheels positioned
either at the rear or along the vehicle's longitudinal axis, a tri-cycle arrangement is characterized by a single
Nose Landing Gear and two Main Landing Gears (MLGSs). This tri-cycle configuration, adopted in the
present design, is a popular choice due to its excellent stability during ground maneuvering and braking
operations [1]. Table 1 lists the vehicle parameters required for an NLG design.

Table 1. Design Inputs to the NLG

Parameter value
Re-entry vehicle mass 4000 kg
Max. landing angle 18°

CG location along x axis 7043 +£ 50 mm
CG location along z axis 636 + 30 mm
Vehicle tail clegrance during 100 mm
landing
Max. lateral acceleration 0.59
NLG Sink velocity 3m/s
Landing gear load factor 3

The following sections provide an in-depth examination of the design considerations for various subsystems
of the NLG system in a re-entry vehicle.

Landing Gear Layout Design

The positioning of landing gear is dictated by various design guidelines, stability requirements, and vehicle
geometric constraints [2]. These parameters collectively decide optimal placement of the landing gear.

Figure 1. Relative Positioning of the NLG and MLG with respect to Vehicle Center of Gravity
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Figure 3. Layout of Re-Entry Vehicle Landing Gear System

The static weight ratio of the Nose Landing Gear (NLG) and Main Landing Gears (MLGS) is crucial, with
the NLG typically supporting 6-20% of the vehicle's total weight [3] [4]. The positioning of the NLG and
MLGs relative to the center of gravity (CG) is based on their static load distribution, with the NLG placed as
far forward as possible to improve stability (Figure 1). The vehicle's stability is also influenced by the tip
back angle, which should be greater than maximum landing angle (18°), and the tail down angle, which
should be less than the tip back angle (Figure 2). Additionally, the turnover stability angle (g) should be
below 63.4°, corresponding to a maximum lateral acceleration limit of 0.5 g [2] [5]. The turnover angle, y,
serves as a critical parameter in determining the lateral placement of the MLGs, ultimately yielding the
required wheel track. The layout of the MLGs is optimized to satisfy design guidelines, stability criteria, and
geometric constraints, with the MLG position varied to achieve an optimal location. The layout parameters,
including the fully compressed length of the landing gear, are estimated geometrically while ensuring a
minimum tail down clearance of 100 mm. The final layout parameters for the landing gears, determined
after multiple iterative analyses to optimize their positioning, are tabulated in Table 2 and the layout of
landing gears with re-entry vehicle is shown in Figure 3.

Table 2. Landing Gear Layout Parameters

Parameter value
Max. static NLG weight percentage

(with most front CG location) 18.9%
Max. s'Fatic MLG weight per_centage 82.8 %
(with most aft CG location)
Distance between MLG and NLG, L 5900 mm
Tip back angle (B) 30.78°
Tail down angle (a) 20.76°
Turn over angle () 55°




Conceptual Design of the NLG

This section details the design of a telescopic NLG. The telescopic design is preferred due to its structural
simplicity and weight efficiency. The deployable NLG consists of several subsystems, including an uplock
mechanism, a four-bar over-center locking system, an uplock release actuator, a deployment actuator, drag
braces, a downlock mechanism, a nose wheel steering system, an oleo-pneumatic strut, a wheel and tire
assembly, and various sensors such as weight-on-wheel sensors and lock limit switches. These
subsystems work together to enable the safe and controlled deployment and operation of the landing gear.
Figure 4 depicts the various nose landing gear components and assembly.

The motion of the NLG can be described using a kinematic model that consists of two interconnected 4-bar
mechanisms in a plane. This model accurately captures the movement of the NLG, as all its joints allow for
rotation around a single axis. The primary mechanism drives the overall motion of the NLG, while a
secondary mechanism governs the movement of the downlock. Figure 5 shows kinematic motion of both
primary and secondary mechanisms during deployment of the NLG. The actuator that deploys the NLG is
attached at specific points. The kinematics of the landing gear deployment and the downlock engagement
are obtained by solving the loop closure equations given in equations (1) and (2) [6].
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Figure 4. Components of the NLG [6]

NLG deployment is governed by,
AB + BC +CD+DA=0 (1)

Downlock engagement of NLG is governed by,

DADB + DBDC +DcB+BDA =0 (2)
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Figure 5. a) Kinematic Model of the NLG in the Deployed Condition. b) NLG During Deployment
Transition. c) In Stowed Condition [6]

An ADAMS-based simulation model of the Nose Landing Gear (NLG) was created to analyze its dynamic
behaviour. The simulation results were cross-validated with the mathematical modal. The validated
simulation model was then leveraged to derive key performance parameters for the deployment actuator
such as actuator load requirements during deployment and actuator stroke.

Detailed Design

Interface Design

To ensure the structural integrity of the joints, potential failure modes (including shear, crushing, and
bending failures in bolts, bushes, and flanges) are considered during design. Dimensional tolerances for
rotating components, such as bush—pin assemblies, were specified to accommodate thermal expansion
and contraction over a temperature range of —-50°C to 80°C, due to the vehicle’s extended residence in
orbit. The locking mechanism was designed with castle nuts and split pins to provide secure fastening at
all interfaces. As illustrated in Figure 6, a typical interface features a grease fitting with grooves that facilitate
regular lubrication of the bushings without requiring disassembly. The bushes are retained in the housing
via an interference fit, while a clearance fit is provided between the pin and bushes to enable smooth
rotation [6].
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Figure 6. Typical Interface Joint Design

Downlock Mechanism

The downlock mechanism in landing gear is a critical component that ensures the landing gear remains in
the fully extended and locked position to prevent the landing gear from retracting inadvertently during
landing and taxiing. A second set of folding links is utilized to achieve a mechanically stable configuration,
where the links are positioned in a way that crossing over-center will lock the landing gear (Figure 7). When
the mechanism is in the over-center position, it achieves a locked state, preventing the landing gear from
retracting. Any attempt to move in the opposite direction is mechanically prevented by a solid abutment,
ensuring the landing gear remains in place.
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Figure 7. Downlock Mechanism in the NLG



Lock Spring Selection

To ensure reliable operation of the locking mechanisms, springs were incorporated to counteract external
influences like vibration and shock. Compression springs were employed in the downlock mechanism to
secure its lock position.

Nose Wheel Steering System

Steering systems are essential for direction control of the aircraft during landing and low speed maneuvering
of the vehicle. The steering system should be designed to provide the demanded steering angle, torque, rate
and meet the control system requirement for autonomous landing of the vehicle. An actuator integrated with
a pinion and gear mechanism was chosen for the system.

An Electro-Mechanical Actuator (EMA) design was chosen over conventional hydraulic systems for the Nose
Wheel Steering (NWS) system due to its high reliability, precision, and simplified mechanical design which
are critical for high-velocity re-entry and autonomous landing conditions. In order to verify the performance
and characterize the steering system, tests were conducted on a test rig which simulates the frictional and
inertial load.

System Architecture and Design

The steering system is comprised of a rotary EMA connected to a four-bar mechanism with a 4:1 linkage
ratio. The output shaft of the actuator is connected to the input link of the four-bar mechanism, whereas the
output link is connected to the turning tube of the landing gear. The turning tube is attached to the torque
links, which transfers the torque to the wheel axle.

The actuator utilizes a rotary design consisting of a Brushless Direct Current (BLDC) motor connected to a
two-stage planetary gear box (6x6). To provide position feedback and enable precise control through a
closed-loop system, a hollow rotary potentiometer is attached to the output carrier of the second stage
planetary gear train. The rotor of the BLDC motor consists of an integrated shaft which is connected to the
first stage sun gear. To monitor the temperature, Resistance Temperature Detectors (RTDs) are attached to
the motor's coils. To protect the components from external environments, a hermetically sealed actuator was
designed.

The planetary gear box consists of a sun, carrier, ring, and three planetary gears, with the ring gear fixed to
the gearbox body. The output carrier is attached to the gear and pinion mechanism. A steering angle of +10°
requires an actuator rotary motion of +40° as the linkage ratio was fixed to 4:1. However, the mechanical
limit of the actuator was fixed at £55° to account for overshoot, sensor non-linearity, and kinematic error in
the linkage and scale factor error.

The total actuation requirement is the sum of inertial load, lateral acceleration load, and frictional load.
Figure 8 shows the torque speed requirement at the motor to meet a 5Hz -3dB gain bandwidth frequency
for a 1 deg command. A Quadruplex redundant BLDC motor was selected to meet the torque-speed
requirement (even after a coil failure).
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Figure 8. Load Locus of the NWS Motor

Actuator Design and Testing

To validate its performance under operational conditions, an engineering model actuator was designed
(Figure 9 (a)) and a test setup was developed to simulate inertia and frictional loads and to characterize the
NWS actuator under landing load conditions. The test setup shown in Figure 9 (b) consists of a simulated
nose landing gear, hydraulic jack, load cell, and position measurement system, designed to evaluate the
control system performance including dynamic response, actuator linearity, and position error under varying

loads representative of touchdown to static conditions. Figure 10 gives the 10% frequency response of the
actuator.

Figure 9. a) Engineering Model Rotary Actuator and b) Nose Wheel Steering Test Rig
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Figure 10. Frequency Response Test
Oleo Pneumatic Shock Absorption System

An Oleo pneumatic strut is the most commonly used shock absorber for landing gear in modern aircraft. Its
main role is to limit the vertical impact loads to the aircraft structure within acceptable levels during landing
as well as taxiing.

At the landing instance, the spacecraft will touch the runway with sink velocity. Vertical kinetic energy of the
spacecraft has to be dissipated within acceptable deceleration defined by ‘landing gear load factor’. The
landing gear load factor is a dimensionless quantity that represents the ratio of the vertical load applied to
the landing gear to the weight of the aircraft. Kinetic energy is partially absorbed by tires and mostly by shock
absorbers. In order to absorb full energy only by tires, very large tires will be required as the energy
absorption efficiency of a tire is limited at 47% [3]. Tires do not dissipate much energy and can cause rebound
of the spacecraft. An Oleo-pneumatic shock strut is a shock absorber with energy absorption and dissipation
efficiency nearly 75 % to 95 % [3]. Efficiency per weight is also highest in an oleo pneumatic strut compared
to all other types of shock absorbers.

An oleo-pneumatic strut is a cylindrical chamber filled with pressurized oil and gas (Figure 11). It absorbs
energy by pushing a chamber of oil against a chamber of dry air or nitrogen and then compresses the gas
and oil. The compressed gas provides stiffness function while the hydraulic fluid passing through orifices
provides damping. After the initial impact, there will be compression in the strut due to oil being forced to
flow through orifices from one chamber to another. The compression stroke continues until the full vertical
kinetic energy is partially absorbed by the tire & gas in the strut and the rest of the energy is dissipated by
the strut as heat. The vertical velocity of the spacecraft also will reach zero during the end of compression
stroke. After this, the extension stroke starts. During the extension stroke, compressed gas in the strut
expands and forces the oil to flow back into its chamber through one or more recoil orifices. After the landing
dynamics have settled, the oleo pneumatic strut stabilizes at a position that supports the static load of the
spacecraft mass.

There are various types of oleo pneumatic struts. A configuration without an oil-gas separator may cause
mixing of the gas and oil which will reduce the bulk modulus of the oil and degrade its behavior. A
configuration with an oil-gas separator will be ideal for the required application as it can be used immediately
for landing gear deployment and consistent results can be obtained.
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Figure 11. Schematic of an Oleo-Pneumatic Strut

A “metering pin” based oleo pneumatic shock absorber has higher efficiency (85 - 90 %) and is lighter
compared to the fixed orifice oleo pneumatic shock absorber. Figure 11 shows a single stage oleo-pneumatic
shock strut with a metering pin-based orifice. The metering pin is designed to have a desired variation of
orifice area with respect to stroke distance. The orifice area is the annular area formed between the metering
pin and main orifice. Initially the orifice area will be higher during a high velocity impact, and the area is
reduced as the strut moves (the velocity can be tuned as desired). The variation of normalized orifice area
with respect to stroke distance is shown in Figure 12.
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Figure 12. Variation of Normalized Orifice Area with respect to Stroke Consumption

Table 3 lists various design parameters of an oleo pneumatic strut that are fixed during the design cycle
based on the input parameters.

10



Table 3. Oleo Pneumatic Strut Design Inputs and Parameters

Design inputs Design parameters
Configuration of the landing gear Diameter of the piston
Mass per oleo pneumatic strut Cylinder of diameter
Landing gear load factor Stroke of the strut
Lift factor Pre-charged gas pressure
Sink velocity Pre-charged gas volume
Horizontal velocity Size of orifice

Environmental condition

An accurate mathematical model was developed to finalize the various design parameters of the strut during
its design cycle. Performance of the oleo pneumatic strut was then verified by carrying out a drop test. These
simulations along with the drop tests validated the oleo pneumatic strut performance at touchdown
conditions. The tests confirmed that the loads transferred to the structure were within specified limits and
validated the energy absorption capacity of the landing gear. The landing gear oleo pneumatic strut was
tuned to achieve the optimum efficiency based on the results.

During the compression stroke of the oleo pneumatic strut (Figure 11), the hydraulic fluid is forced from the
compression chamber through the annular gap between the main orifice and metering pin to the lower
chamber (which provides damping). When the fluid enters the lower chamber, it pushes the separator down
providing stiffness due to the polytropic air compression.

During touchdown of the winged body spacecraft, a lift force will be still acting on the spacecraft. In order to
consider the effect of lift on the spacecraft, an equivalent drop mass (Me) will be used in place of the actual
spacecraft per strut mass (M). Me is computed as per FAR (Federal Aviation Regulations) 23 standards [7].

During the drop test, the drop mass Me along with the oleo pneumatic strut and tire is allowed to fall and hit
the ground in such a way that during impact the vertical velocity of the full system (drop mass along with
strut and tire) is the same as the sink velocity. The full system is assumed to be a two degree of freedom
mass-spring damper system. Figure 13 depicts the schematic of the oleo pneumatic strut, tire and vehicle
as a two degree of freedom mass/spring/damper system.

Drop mass

Z1

Oleo -pneumatic
strut

— _ Z2
Tire =

Figure 13. Two Degree of Freedom Mass-Spring-Damper System
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Equations of motion just after impact:
Mezl+Fs_ M,g=0 3)

mZ,— F,+aZ,— mg=20 (4)

Equations (3) & (4) were solved simultaneously in ©Simulink to finalize the oleo pneumatic strut design
parameters with the objective of minimizing the strut stroke while keeping the landing gear load factor within
an acceptable value.

The boundary conditions of the simulations at the start of impact are,

. Z}(O) = Zz(o) =0
Z,(0) = Z,(0) = NLG sink velocity

After the parametric study and multiple simulations, the design parameters have been finalized.

Testing
All critical subassemblies including the uplock mechanism, uplock release actuator, deployment actuator,
wheel tire assembly, and nose wheel steering actuator, were assembled per the design specifications. The

nose landing gear was subjected to a series of tests, including kinematic testing and drop testing, to validate
the performance and functionality.

Figure 14. Nose Landing Gear in Kinematic Test Rig [6]

Kinematic Test

A kinematic test rig, depicted in Figure 14, was developed to facilitate the assembly and validation of the
nose landing gear. The test rig was designed to accommodate the entire nose landing gear assembly,
enabling functional testing and validation.

A series of retraction and deployment tests were performed on the test rig to assess the functional
performance of the NLG (Figure 15). The tests involved repeated cycles of retraction and deployment, which
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successfully demonstrated the mechanism's ability to release, deploy, and lock into place. The results
confirmed that the uplock and downlock mechanisms functioned correctly, and that the landing gear
deployed smoothly and consistently.

Figure 15. a) NLG in Uplocked State and b) Deployment of NLG [6]

Landing Gear Drop Test
A landing gear drop test rig was designed and commissioned to validate the energy absorption capacity of
the NLG during landing conditions. Figure 16 shows the drop test rig and the landing gear assembly.

The total drop mass consisting of a mass simulator, oleo-pneumatic strut, and wheel assembly is guided to
ensure a vertical free fall. Drop height is fixed in such a way that the desired sink velocity will be achieved
just before the instant of contact with the ground. A load cell is placed on the ground to measure impact load
and a position sensor is used to measure the stroke of the strut. The velocity of the strut is obtained by
examining position information as a function of time. Sensors are used inside the strut to measure the internal
pressures. All the data were acquired digitally.

The following parameters were simulated in the test rig:

Vertical touchdown velocity (sink velocity)

Landing angle

Effective mass of the vehicle reflected on the landing gear
Tire rotation

Runway surface

The following parameters were measured during the test:
e Drop velocity

Ground reactions

Oleo pneumatic strut stroke

Oleo pneumatic strut pressures

Accelerations
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Figure 16. Landing Gear Drop Test Rig [8]
Results

The drop test provided valuable insights into the vertical drop behavior of the landing gear, specifically
focusing on its performance without the influence of horizontal velocity during landing. Good correlation was
observed between the NLG mathematical model simulation results and the NLG drop test results . Figure
17 shows the variation of the landing gear load factor with respect to the drop test duration. During the drop
test, the maximum vertical load factor was 2.6 (within 3) at 43 ms (the instant where strut velocity is
maximum). The overall landing dynamic event was completed within 1 sec.

Figure 18 shows the relationship between the landing gear load factor and the normalized strut stroke. The
plot shows good correlation between the measured and simulated drop test results. The plot provides
valuable insights into the performance of the landing gear such as:

e Stroke consumption: The curve does not exceed 1 on the horizontal axis, indicating that the landing
gear does not consume all available stroke during the drop test.

¢ Recoil and extension: During recoil, the curve does not return to zero on the horizontal axis, indicating
that the landing gear does not fully extend.

e Maximum load factor: The maximum landing gear load factor is below 3, and it remains greater than
zero throughout the drop test, indicating no rebound.

o Efficient shock absorption: The curve remains almost horizontal from 20% to 95% stroke consumption,
indicating a constant load factor and efficient shock absorption.
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Figure 18. Variation of Landing Gear Load Factor with respect to Normalized Stroke
Lessons Learned

During landing experiments conducted with a scaled-down version of the vehicle, the low lift-to-drag (L/D)
ratio and high vehicle velocity resulted in drag loads reaching approximately 80% of the vertical loads
(significantly higher than the 30% typically prescribed by FAR 23). The combination of increased drag forces,
elevated slap-down rate, an increased zero lift factor (which raised the nose landing gear (NLG) sink velocity
from 3 m/s to 4 m/s), and associated stress, crossed the plastic structural limit of the NLG braces.
Consequently, for subsequent missions and for this landing gear design, a lift factor of zero, a sink velocity
of 4 m/s, and drag loads equal to 80% of the vertical loads were adopted. In addition, backlash observed in
the NWS caused by stack-up clearances in the quick-release pin interfaces was mitigated through tighter
tolerance control, effectively eliminating the “sloppy” motion observed during simulation. The initial
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configuration employed an articulated main landing gear. However, a 25% weight reduction was achieved
by transitioning to a telescopic configuration, prompting this design migration. Furthermore, the feasibility of
transitioning from an electro-mechanical actuator (EMA) based NWS to an electrohydraulic system is under
evaluation. Since both the deployment and uplock release actuators are already electrohydraulic, this
migration offers the advantage of reduced overheads and increased weight savings.

Conclusion

The deployable NLG for the re-entry vehicle was successfully designed, developed, and validated. The
engineering model, realized and tested through simulations, drop tests, and actuator performance trials,
demonstrated the robustness of the design methodology. As a result, qualification testing has been initiated.
The landing gear, with an overall mass of approximately 120 kg, was designed to limit the load factor at 2.6
(against the design specification of 3). The kinematic and dynamic behavior during deployment, retraction,
and down lock operations was thoroughly validated and was found to match the mathematical simulations.
These results establish the system’s suitability for safe operation at higher touchdown speeds in reusable
aerospace vehicle applications.
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