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Abstract—Torque links are components of Nose Landing Gear on the designed lightweight aircraft, that connect between the inner and
outer cylinders of an oleo-pneumatic shock strut. They prevent torsion or twisting between those components and vibrations at
retractable nose landing gear, the safety of these components is very important, especially when landing aircraft. This paper studies the
stress and deformation contours of the torque link design with variations of hole geometry to get the optimal design, with the lightest
possible weight but still reliable and safe. The upper torque link is modeled as a simply supported beam with a moment on one end
derived from impact force when landing. Maximum bending stresses occur in areas near holes and the connection part of the torque
link. This analysis with a tetra mesh by changing the hole position and geometry. The final torque link design results in a weight
reduction of up to 23.75% with a maximum stress is 157.4 MPa and displacement is 0.0166 mm. Torque link design optimization results
are then modally analyzed, and four natural frequencies and the mode shape are done. The natural frequency of vibration of different
mode shapes obtained ranges from 4.2259 kHz to 6.1319 kHz, and this is still below the limit of 0.1 kHz (around 6,000 rpm engine).
Finally, the optimal design torque links were obtained, safe from static and dynamic loads with a Factor of Safety 1.78 (>1.5) according
to the FAR-23 standard.
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Nose retractable landing gear on PUNA aircraft can be seen
I. INTRODUCTION in Figure 1, complete with its components. The nose wheel
can be pulled into the body of the aircraft with a retractable
system while it is flying and can be pushed out when the
aircraft is about to land. Its movement is carried out by linear
actuators very carefully so as not to damage other components
of the aircraft. Integration of several subsystems into an

systems in an aircraft [3]. The torque links performed by the existing structgral assembly can lead to s.igniﬁcant mass and
analysis are nose landing gear on PUNA aircraft. PUNA is a volume reduction, which subsequ.ently [Mproves measures
Medium Altitude Long Endurance (MALE) Unmanned such as range, speed, and fgel efﬁc1epcy of air transportation
Aerial Vehicle (UAV) designed by Agency for Technology vehicles .[4], [5]. All ar}aly51s of 1gnd1ng gear mechgmsms on
Assessment and Application. Nose retractable landing gear on PUNA aircraft is very important including torque links.
PUNA aircraft is to take the wheels of the aircraft both on

landing and when turning left and right.

The aircraft landing gear is an assembly that supports the
aircraft on the ground, enabling it to safely take off, land, and
taxi [1]. Torque links are one of the major components of
landing gear, which take more impact loading during landing
[2]. The landing gear system is one of the most important
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Fig. 1 Retractable nose landing gear

The geometry is altered keeping in mind the objective of
reducing weight and maximum stress. In the landing gear
assembly of an aircraft, the torque links connect the two
telescoping cylinders and prevent the relative rotation of the
piston to maintain the wheel alignment during taxiing on the
ground [6]. It tries to obtain a general trend in the variation of
stresses and keep the volume at a minimum value. The
mechanical model of the NLG system is mainly composed of
force elements such as air spring force, oil damping force,
structural limiting force, tire force, and torsional damping
force [7]. A modal analysis is also performed on the optimized
models. Landing gears are subject to large sources of
vibration during take-off and landing. Phanikrishna, Bernad,
and Mark [2] did a study on the onset of shimmy oscillation
of an aircraft landing gear to find the regions of stable
torsional and shimmy oscillations. Identifying the natural
frequencies and mode shapes of torsion links is essential to
avoid resonance. The available literature on the study of
torsion links is very little in number. In the work done by
FatmaKocer, topology optimization of torsion links is done to
reduce overall weight [3]. The initial model has two holes as
shown in Figure 2. This study will help engineers reduce the
weight of components by removing material from the main
component. The study by Arravind, Saravanan, and Rijuvan
uses carbon fiber in composite materials to design, optimize,
and analyze composite torsion links [8]. In this study,
structural analysis of torque links of nose landing gear on light
aircraft based on static and dynamic loads was carried out
both theoretically and through the Finite Element Method to
obtain an optimal design.

Fig. 2 Initial model of torque link
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Torque Links analysis is conducted by looking at Von
Misses Stress and Displacement that occurs due to static loads
and dynamic loads while operating. Static loads on torque
links can be calculated from the weight of the aircraft.
Dynamic loads can be calculated from the energy absorbed by
the oleo-strut shock absorber when the plane lands. The line
of work of static load and dynamic load is right on the oleo-
pneumatic axis line of the nose landing gear in the downward
direction. These static loads (Fstatic) and dynamic loads
(Fdynamic) can be described as static moment (Mstatic) and
dynamic moment (Mdynamic) at torque links (Figure 3) [9].
Torque Links structural analysis is performed to determine the
maximum stress that occurs due to static and dynamic loads.
And can be a reference in the iteration of shape modification
if necessary to get optimal design. In design verification and
product development, prototype modeling plays a unique role
in improving product quality, shortening time to market, and
in turn increasing profitability [10]. The hinge clearance and
rotation axis deviation of aircraft landing-gear retraction
mechanism are unavoidable due to factors, such as
manufacture, assembly, wear, and wing deformation [11].

Fig. 3 Initial model of torque link



II. MATERIALS AND METHOD

The nose landing gear is an aircraft component that protects
the structure from the impact loads that occur during landing.
The impact load will be dampened by the shock absorbers
before then being transmitted to the nose landing gear
structure. The occurrence of resonant bifurcations can induce
tire-ground vibrations in torsional and lateral directions,
which can greatly degrade the performance and safety and
possibly destroy the airstrip [12]. The conventional type of
landing gear system for UAVs consisting of a linear spring
and damping system has some limitations. Significant
stiffness in the landing gear system can improve the steering
stability; however, the transmission force becomes
significant, thus increasing the acceleration response of the
UAV body. This side effect can cause damage to the landing
gear structure and UAV components. Conversely, a low-
stiffness landing gear system can reduce the force
transmission and acceleration of the UAV. However, the
UAV static deflection becomes large, and the steering
stability reduces. Practically, the landing gear's static
displacement is limited by the landing gear’s space and
dimensions [13], [14]. Torque links are one of the main
components of the nose landing gear which receives the
impact load, so a structural strength analysis of torque links is
needed to get the optimal design.

Nose landing gear uses shock absorbers to absorb kinetic
energy when the aircraft lands or touchdowns at a certain
speed. The touchdown kinetic energy is very important
because it can affect the structural strength of the landing gear.
Using a representative high-fidelity Multi-Body Dynamic
model and numerical solution scheme in the time domain, 3D
shimmies maps and 2D stability boundaries are obtained and
employed to understand the nonlinear phenomena of interest,
contributing to more realistic performance estimation of nose
landing gears in early design stages [4]. For landing gear
design, it is assumed that all the energy at touchdown is
absorbed by the shock absorber and the tires are as follows.
Different joint clearances have different effects on shimmy:
the joint clearance between the NLG and fuselage has little
influence on shimmy; the larger axial clearance of upper and
lower torque link joint will cause the shimmy of the NLG, but
the radial clearance has no effect on shimmy; while the joint
clearance between turning sleeve and upper torque link, lower
torque link and piston only work in the axial and radial
coupling [15]. Shock absorber configuration using oil and gas,
from that configuration, makes static deflection large and
reduces steering stability (see equation 1):

Based equation = W Ng (h,S; + hSy) (1)
V2
.= |(32-) - hesi /s e

Then, a stroke of the shock absorber with a safety margin in
feet (Ss_design) can be determined by (see equation 3):

Ss,design =Ss+1/12 3)

Static force in Newton (Fstatic) can be determined with the
maximum static load at the nose landing gear being 15% of
the Maximum Take-Off Weight (MTOW):

P, = 15%W,

Fstatic=P, g “)

Assumed that by definition: WL=ns Pm. Dynamic force in
Newton (Fdynamic) can be determined as follows (see
equation 5):

Fdynamic = [ngP,,Ng(h;S; + hsSs design)|g~ (5)

Torque Links analysis is done by creating solid 3D images,
and then calculating static loads and dynamic loads that work
on torque links. Based on solid 3D images, existing load, and
boundary conditions, stress analysis is done by previously
meshing first. Stress analysis shows which areas experience
the greatest and what is the maximum deformation on the
design of torque links. Then iterations of modification of the
shape or thickness of torque links, so that the maximum stress
that occurs is still below the material yield strength and
deformation, with a safety factor above 1.5 [16], [17]. The
process flow steps can be seen in Figure 4.
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of Torque Links

\ 4

Calculating Static and
Dynamic Loads

\ 4

Meshing the Model

\ 4

Add Operating Load and
Boundary Conditions

\ 4

Stress Analysis

No

Stress < Yield
Material

Maximum Deformation

No

Factor of Safety > 1.5
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Fig. 4 Optimization design torque link



The torque links component can be modeled as simply
supporting a beam of the shape and size shown in Figure 5. It
is assumed that the area of the Torque Links subject to
bending is a 95 mm long structure that ranges from 65 mm at
the top and 48 mm at the bottom with the cross-section of the
Torque Links having a rectangular shape.

b(x) = 48 + 2x tan (5°) (6)

From the structure and loading, we see that the upper
torsion relationship behaves as a simply supported beam with
moments in the section connected to the nose cylinder. The
diameter of the hole is 25 mm, and the distance between the
centers of the holes is 30 mm.

Where thick h = 25 mm, the area of the section varies as:

A(x) = 25.[48 + 2xtan(5°)] @)
Moment of inertia of the section:
1) = (5)bh? ®)
And because the width varies, so moment varies as:
1) = (%) b() 25° 9)

Based on Hooke’s Law, the theory of bending moments on a
beam at any point x is given by the following equation:

dZ
—EI(x) d—XZ =M (10)
dy
—EI(x) 2 =Mx+C, (11)
Mx?2
—-EIx) yKx) = — t0x+G (12)
Yy
L M
f x
. L
le -

Fig. 5 Free Body Diagram of upper torque link

Referring to Figure 5 the deflection is zero (y=0) at the ends
of the beam (x=0; x=L), so equation (12) can be obtained:

(13)

Equation (11) will be of maximum value if the derivative
of the function is equal to zero (y’=0), at intervals of 0<x<L,
so the maximum deflection is:

Mx?
2E I(x)

MLx
2E I(x)

y&x) = -

ML2

BEI() (14)

L

Y(E)max =

Stress at any point x can be calculated using Euler’s equation:
(15)

Where M is the moment, y(x) is the deflection or distance
from the neutral axis at the point x and I(x) is the moment of
inertia at that section.

Besides how much stress and deflection occur, it is
important to determine the component's natural frequency to
avoid any fatal accidents [8], [18]. This analysis can be done
by studying the dynamic properties of the torque links under
excitation through modal analysis. The work done by Kruger

My(x)
o(x) = ST
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and Morandini [19] gives a general outline of how vibration
problems in landing gears can be treated by numerical
methods.

The natural frequency of an object is that frequency with
which any object will vibrate if disturbed and allowed to
vibrate on its own without any external force:

A -
w = —_
m

where k is stiffness and m is mass of the object respectively.
An object can have an infinite natural frequency. To find the
natural frequency and mode shapes we start with the equation
of motion in matrix form. We have:

[MI{X"} + [CH{X'} + [KI{X} = {F} (17)

where [M], [C], and [K] are the mass, damping, and stiffness
matrices. {X} is the displacement vector and {F} is the overall
force acting on the system. For a free, undamped response we
can set [M], and {F} to zero [9]. So, we have:

[MI{X"} + [K]{X} =0

(16)

(18)
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Fig. 6 Meshing process of upper torque link

The solid 3D CAD model of the torque link used for
bending analysis and this model is meshed (tetra mesh) and
the material properties were given using AutoGEM
(Geometric Element Modeling) is shown in Figure 6. The
properties material (6061-T6 Aluminum) used for torque
links are shown in Table 1.

TABLEI
PROPERTIES OF ALUMINUM ALLOY (AL 6061)
No  Properties AL-6061
1 Tensile Yield Strength [MPa] 276
2 Ultimate Tensile Strength [MPa] 310
3 Young’s Modulus [MPa] 68,900
4 Shear modulus [MPa] 26,000
5 Density [kg/m3] 2,700
6 Poisson’s ratio 0.33

The best optimized CAD model of the torque link, obtained
after the stress analysis, is used for modal analysis. This
modal uses materials and properties that are the same as those
used for stress analysis. Meshing is an important and critical
step in finite element analysis and directly affects the
complete process's outcome [20], [21].




Finite Element Method is one of the most powerful
methods in numerical analysis techniques. The time-
consuming tasks and high costs can be reduced by using this
method in the early stages of machine component design
[22]. The finite Element Method can be used to simulate and
optimize material structure and simulate stress and
deformation before making [23]. The first design in solid 3D
of the torque links component of the nose landing gear is
created using Pro/ENGINEER. After that, the FEM
simulation process is made by the Mechanica Simulation
application. Creating p-mesh for the Geometric Element
Modeling mechanism was run using the AutoGEM tool.
Before running the simulation analysis, create a Displacement
Constraint with boundary condition and a Moment Load from
the static and dynamic force. Utilizing an equivalent static
load method, topology optimization with transient loads is
performed to obtain optimal material distribution satisfying
the objective function and constraints [5].

The results of a Finite Element Analysis are viewed using
a Design Study, and the torque link's stress distribution is
studied. Similarly, geometry is a change in AutoGEM for the
second case, and the Mechanica Simulation process is
repeated. The first set is done by moving the smaller hole
away from the bigger hole by increasing center distances.
However, the higher efficiency value obtained from the finite
element analysis is based on the ideal condition as compared
to the lower efficiency value obtained from the normal
condition where several internal and external power losses
might occur [24]. A modal analysis is done using
Pro/ENGINEER, which is meshed using the AutoGEM tool,
and its natural frequencies are found to analyze the different
modes and shapes of vibration for different frequencies. An
advanced iterative finite element method (FEM) is applied to
estimate the amount of harvested energy [25].

III. RESULTS AND DISCUSSION

Static force (Fstatic) can be calculated from the Maximum
Take-Off Weight (MTOW) of the aircraft (WL), which is
distributed 15% on the nose landing gear in front (Pm) and
85% on the main landing gear in the rear [26]. This force
occurs when the aircraft is at rest or not moving (Frest). The
static force will be countered by the shock absorber force
(Fshock), and the difference will be transmitted to the torque
link structure.

TABLE I
THE STATIC AND DYNAMIC MOMENT OF TORQUE LINK

Wi [kg] Vz [m/s?] g [kg/m?] Ng h,

1,330 2.5 9.8 3 0.47
St [mm] hy  Pm[kg]  Frest [N] Kk [N/mm]

6.35 0.8 199.5 1,957.1 17.05
Ss [mm] Ss design [Mm] Finock [N] Fstatic [N]

128.93 154 2,631.5 -674.4
r [m] Mitatic [Nm] Eabsorbed [kg mm] Flanding [kg]
0.06 -42.8 75,680.21 490.4
Fianding [N] Fdynamic [N] r [m] Maynamic [Nm]

4810.6 2179 0.06 138.3
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Dynamic force can be calculated from the energy that can
be absorbed by the shock absorber and the tires (Eabsorbed)
when multiplied by the magnitude of the deflection of the
shock absorber (Ss design) will be the landing force
(Flanding) [27]. The landing force will be countered by the
shock absorber force (Fshock) with spring coefficient (k), and
the difference is called dynamic force (Fdynamic) that will be
transmitted to the torque link structure. The calculation of
static-dynamic force if multiplied by the distance from force
position to torque link (r) will be the static-dynamic moment
that is tabulated in Table 2.

A. Bending Stress Results

The first set of results is obtained by changing the distance
between the center of the holes, which increased from 30 to
60 mm. Stresses occur on the area near the hole that the center
of moment loads, and maximum displacement is near almost
the center of the torque link. The maximum stress that occurs
is constant at 157.4 MPa. And the displacement trend is
increasing, which is not very significant in small steps
approaching 0.02 um. The bending stress does not change at
a center distance of more than 30 mm. In this case, the mass
of the torsion link remains the same.

The second set of results is done by increasing the hole
diameter from 25 to 30 to 35 and finally, to 40 mm, and the
center distance varied from 50 to 40 and finally to 45 mm.
Increased hole diameter gives a reduction in stresses but
causes displacement increase.

TABLE III
THE SIMULATION SET RESULTS

Hole
diameter 2
[mm]

Hole
diameter
1 [mm]

Hole
diameter
3 [mm]

Maximum
Displacement
[mm]
0.01615
0.01616
0.01616
0.01617
0.01634
0.01656
0.01742
0.02018
0.01660
0.01671

Maximum
Von Mises
Stress [MPa]
1574

Mass of
torque
link [kg]
0.393688
0.393688
0.393688
0.393688
0.369831
0.340673
0.306214
0.266453
0.334046
0.300178

Center
distance
[mm]

Simulation
Case

157.4
157.4
157.4
157.4
157.4
157.3
157.3
157.4
155.0

e R NP I SR
)
G
)
G

30
30

=)
)
S

The final simulation test is done by combining two holes of
diameter 20 and 30 mm with a center distance of 60 mm. This
can reduce mass, but the maximum stress that occurs is still
within safe limits, and this is a better design than the previous
one. The simulation results have been tabulated and shown in
Table 3. And the results are plotted below in Figure 7.

153 0

Simulation Case

w=@==Maximum Von Mises Stress [MPa] « »Maximum Displacement [mm)]

Fig. 7 Variation in stresses and displacement with 10 simulation cases

The final simulation test was done by putting 3 holes with
30-, 25-, and 20-mm hole diameter. The center distance
between the smaller hole and the bigger hole is 60 mm. This
helps in a further increase in the mass of torque link reduction.
We see the maximum stress is 157.4 MPa and displacement



is 0.0166 mm. This can reduce the mass of the torque link
more significantly, and the strength of the structure is still
below the safe limit or yield strength, hence it is a desirable
design.

B. Modal Analysis Results

The different mode shapes were obtained for four modes,
their respective frequencies, and planes of deformation are
shown below in Table 4. The natural frequencies obtained are

tabulated. The mode shapes show bending at the middle of the
torque link in most cases. The value of the first mode is 4.2259
kHz below 5 kHz. It is seen to rise, and the rate of increase
keeps rising till mode 4 with values 5.3992 kHz, 6.0459 kHz,
and the last modal frequency is 6.1319 kHz. These values are
important parameters in deciding the resonance
characteristics of the component. The forcing frequencies
must be free from these natural frequency values.

TABLE IV
THE MODAL ANALYSIS RESULTS

Mode Shapes Natural Frequency [kHz| Plane of deformation Simulation Results
Mode 1 4.2259 Bending in XY plane
Mode 2 5.3992 Bending in XY plane
Mode 3 6.0459 Bending in XZ plane
Mode 4 6.1319 Bending in XZ plane

IV. CONCLUSION

Based on the simulation results, the maximum von misses
stress occurs near the hole area which is the connection part
to the nose cylinder where the center of the moment is due to
static and dynamic loads when the aircraft lands. This stress
is dangerous for the structure and must be reduced because
can affect the material strength of the landing gear and causes
the bending stress on landing gear components in the torque
link. From these simulation results obtained optimal design
by combining the holes at the torque link, which will make
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the weight lighter, but caused the strength to decrease. The
best design, from simulation in case 10 can be achieved by
combining two or more holes. This case has the least mass,
only 0.300178 kg and a relatively very low value of the
maximum stress is 155 MPa. And from this model continued
for modal analysis, the natural frequency of vibration of
different mode shapes obtained ranges from 4.2259 kHz to
6.1319 kHz, and this is still below the limit of 0.1 kHz (around
6,000 rpm engine). The research results obtained an optimal
design with a safe structural strength, and the Factor of Safety
is 1.78 (> 1.5).



NOMENCLATURE
Eabsorbed The energy that can be absorbed by the shock kg
WL Weight of the aircraft at landing (MTOW) kg
Ng The landing gear load factor
Ng =3 (for Aircraft type: General aviation)
ht Tyre efficiency
ht =0.47 [4]
St The tire deflection inch
St = 0.25 inch (for bias-ply, Static load 1800
Lbs [5])
hs Shock absorber efficiency
Hs = 0.8 (for Shock Absorber type: Oleo-
pneumatic [4])
Ss The shock absorber stroke m
Vz Design touchdown rates fps
Vz =8.2 fps (FAR 23: 7 - 10 fps)
g Acceleration due to gravity m/s?
g2 =9.81 m/s?
ns number of main gear struts
Pm The maximum static load per main gear kg
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