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of an unmanned aerial vehicle (UAV). The dimensional study is conducted to investigate the effect
of landing gear dimension variation on UAVS’ static strength and dynamic response. Static analysis
was performed with Finite Element Method (FEM) software. The dynamic response of the UAV is
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analyzed using a single-degree-of-freedom vibration model. Based on the static analysis results, KEYWORDS
the landing gear stiffness and strength can be increased by increasing the width and decreasing the UAV:

height, radius, and length of the landing gear structure. The energy dissipation in the dynamic Landing gear;
analysis is described by hysteresis and viscous damping model. The dynamic response simulation Response;
results show that the increase in the stiffness of the landing gear leads to an increase in force Static;

transmission and acceleration of the UAV. Furthermore, the UAV response using the viscous
damping model can accurately predict the system’s response with the hysteretic damping model for
small damping conditions. However, the deviation was observed for large damping conditions.

Dynamic

1.0 INTRODUCTION

An Unmanned Aerial Vehicle (UAV) is an autonomous airplane controlled from a control station using a remote
control or computer. UAVs have many variants of form, size, configuration, and characteristics, which depend on their
application. One of the most critical components of a UAV is the landing gear. Two main functions of the landing gear
are to support the weight and absorb the impact energy during landing [1,2]. Apart from reducing vibrations due to
landing, the landing gear must also be light enough so that it does not have a significant effect on increasing the weight
of the aircraft [3].

Several studies on landing gear have been carried out by many researchers throughout the world because of its very
crucial function in aircraft operations. Stress analysis of light unmanned aerial vehicles during landing was investigated
by Sonowal et al. [4]. Lee et al. [5] researched crack growth in landing gear components. Baskaran et al. [6] investigated
the frictional resistance gained by the landing gear struts while an aircraft is landing at various sink rates. Analysis of the
landing gear strength criteria by performing the structural analysis reported by Aydin et al. [7]. Crashworthiness analysis
of UCAV’s main landing gear using explicit dynamics conducted by Swati et al. [8]. Chen and Xue [9] performed dynamic
simulation and optimization of landing gear using a BP neural network and genetic algorithm. Yu et al. [10] have shown
that the application of a shock absorber with an inward-folding composite tube in a legged landing gear system can reduce
the initial peak load and increase energy absorption. Jiang et al. [11] establish a multibody dynamic model (MBD) and
evaluate the effect of landing gear torsional damping on the aircraft’s directional stability.

The impact force generated during landing causes a significant acceleration on the UAV’s body. This effect leads to
broken the UAV body and landing gear structures. Furthermore, the impact-induced vibration on the UAV body causes
damage to the electrical components inside the UAV and reduces the UAV steering stability after landing. Several
methods are available to minimize the damage caused by the impact force on the aircraft body and landing gear structure
during landing. Luong et al. [12] developed a robust adaptive control for an aircraft landing gear with a
magnetorheological damper. Mikulowski and Jankowski [13] investigate some adaptive control strategies for reducing
impact-induced vibration in landing gear systems. Yazici and Sever [14] developed an active control of a non-linear
landing gear system having an oleo-pneumatic shock absorber. Son et al. [15] propose a new concept for UAV landing
gear shock vibration control using a pre-straining spring momentum exchange impact damper.

Strengthening the landing gear structure can reduce the deformation of the landing gear during the landing stage [16].
However, increasing the landing gear structural stiffness leads to a rise in the force transmission and acceleration of the
UAYV body. This effect can cause damage to the electrical components inside the UAV [17]. This research is conducted
to investigate the influence of U-shaped landing gear dimension variation on the static strength and dynamic response of
UAVs. A U-shaped structure for a UAV landing gear system is intended to produce sufficient rigidity with light weight
suitable for use on a small unmanned aerial vehicle. The position of U-shaped landing gear on the UAV fuselage is shown
in Figure 1(a). The landing gear dimensions are shown in Figure 1(b).
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Figure 1. U-shape landing gear

2.0 ANALYSIS OF THE LANDING PROCESS

The landing gear is one of several UAV components that play an essential role during UAV manoeuvrings, such as
taxiing, take-off, and landing. During its operation, the landing gear receives two types of load, i.e., static and dynamic.
The static load of the landing gear comes from the plane weight, and the dynamic load is induced by the impact force
generated during landing, as shown in Figure 2 [15].

s

Figure 2. Landing process of UAV

2.1  Static Analysis of Landing Gear Structure

The static analysis of the landing gear structure is conducted by utilizing the force and displacement curve (F-s) as
depicted in Figure 3. As shown in Figure 3, elastic deformation occurs for small deformation. In this elastic region, the
material’s stiffness is linear, and the material can recover to its original form after the load is released. The yield point is
the limit point between the elastic and inelastic regions. When the applied load passes its yield point, the material becomes
plastic, and it cannot change back to its original form after the applied load is released.
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Figure 3. Force-displacement curve [18]

>

The equivalent stiffness of the U-shape landing gear at the elastic region can be calculated theoretically by considering
the relation between the shear force and bending moment with the translational and rotational displacement acting on the
landing gear element, as shown in Figure 4. In this theoretical study, it is assumed that the external and internal forces are
in equilibrium. Besides that, the supports must be rigid, and no movement is possible. Another assumption is the materials
are strained well within the elastic region. As depicted in Figure 4, the force stiffness (k1) and moment stiffness (k3) due
to the unit vertical displacement are calculated using the unit-load or virtual works method. According to this method, the
vertical displacement of the landing gear structure is expressed by [19]:

_ J‘M(x)m I
EI
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M (x)and M; (x) in Eq. (1) are the applied and virtual bending moments. The rotational displacement is calculated by
[19].
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The stiffness k> and k4 are calculated using the same method as the previous procedure, therefore
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Figure 4. Force and displacement relationship using the unit-load method

For the U-shape landing gear model, as shown in Figure 4, the horizontal force is assumed to be zero; the force-
displacement relationship can be expressed as:

P 0 0 0 |fu

u

Pl=l0 & —k|Iv ™
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In Eq. (7), P, Py, and M are the horizontal force, vertical force, and bending moment acting on the free end of the
landing gear structure. Meanwhile, u, v, and g are the related horizontal, vertical, and rotational displacements,
respectively. Eq. (7) can be simplified as follows:

P, =kv—k,0 ®)

M =—ky+k,0 ©9)

Because the clamp can be assumed as a rigid plate, the spring displacement (d) can be calculated as:

o=v (10)
and
o
== 11
7 (1D

The bending moment induced by the external load acting on the articulated constraint point is
M,=PL=PL+M (12)

According to Eqs. (7) to (12), the equivalent stiffness of the landing gear structure can be written as:

p P kL’ —k,L-k,L+k,

‘48 r (13)

Figure 5 shows the force-displacement curve for evaluating the hysteretic energy dissipated by the U-shape landing
gear structure during loading (skeleton) and unloading conditions. For the loading condition, the relationship between
displacement () and force (fs) is written as [20]:

u=£[l+a Is

I J (14)

y

0

where, fs, f,, a, and ko are the applied force, yield force, non-linear damping factor, and initial stiffness, respectively. For
the unloading condition, the displacement vs force relationship is described by the following equation,

u—u _ fi—f A
TS [1+a| 7 J (15)

The dashed area in Figure 5 is the work (/) that represents the sum of recoverable strain energy (Es) and the dissipated
hysteretic energy (Er)

W=Es+E, 16)
_Lf L al S el S
LV_%[€+3Lg]+3% i (7
_ S| 2l )
W_k0{2+3 f] (18)

The relationship between recoverable strain energy of the system at (u, £;) and (1", £;*) is calculated as:

E, :E;—%(u*—u)(f; +15) (19)

The energy evaluation during the unloading conditions is conducted by introducing a new coordinate system u -f;’
with the origin at (u", £;"). The transformation between these two coordinate systems is calculated as

u=u —u (20)

fs =1y =1 @1

By inserting the formula in Eq. (20) and (21) into Eq.(19), the recoverable strain energy during unloading is obtained as
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The works and the dissipated energy during unloading conditions are calculated as follows,

y - 5) {HZ J (23)
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Figure 5. Force and displacement relationship using the unit-load method

For the hysteretic damping model of the landing gear system, as shown in Figure 5, the relationship between the
restoring force and the displacement can be derived for two conditions, i.e., loading and unloading conditions. The force-
displacement equation in the loading condition is described by,

fg(u):—;;[l—\/l+4jif°usgn(u)}sgn(u) (25)
The force-displacement relationship in the unloading region is written as
. , 2ak, . . .
fs(u)=fs —%[1—\/1+ (; 0 (u —u )sgn(u —u )]sgn(u —-u ) (26)
Jy

2.2 Dynamic Analysis of Landing Gear Structure

The equation of motion of the UAV system during landing is calculated using the information from Figure 6. As
shown in Figure 6, when the landing gear collides with the ground, the dynamic model of the UAV system is affected by
the contact force between the landing gear and the floor. However, the contact force becomes zero when the landing gear
loses contact with the environment. The governing equations of the system are written as:

mi+f, =0 27

Variables m and f. in Eq. (27) are the UAV mass and contact force, respectively. The contact forces between the
landing gear and the ground consist of the elastic and damping forces. In this study, two models of damping force are
used to evaluate the contact dynamic that occurred during landing.

1. hysteretic damping model
For the hysteretic damping model, the contact force is calculated using Eq. (25) and (26) as follows:

fc:{fs(u), andu=x ifx<0

28
0, andu=0 ifx>0 (28)

ii. viscous damping model

For the viscous damping model, the contact condition is modeled using the linear spring (k) and viscous damper (c)
elements as follows:
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(29)

;= ciu+ku, andu=x if x<0
<o, andu=0 ifx>0

The stiffness of the linearized system (k) in Eq. (29) is calculated as the secant stiffness of the non-linear system at
the maximum displacement. In this study, the system’s deformation is assumed within the elastic range (4, = u,); the
equivalent linear stiffness is calculated using Eq. (30).

The damping coefficient ¢ can be found in Eq. (31) as follows:

¢ =24 mo, (31)
where

2a T,
T3r(lra)t Ty 32)

and

o, = L3 (33)

m

T. and Ty in Eq. (32) are the average period of excitation frequency and the initial natural period, respectively. The
UAYV time response is calculated for two conditions. The first condition occurred during the landing gear contact with the
ground and experienced free vibration (x < 0), and the second condition occurred after a collision. For the second
condition, the UAV velocity direction is changed after colliding with the ground and experiencing a free-fall motion,
(x > 0). In this condition, the equation of motion of UAV can be expressed as:

x(t)=x,+vt—1gt’ (34)

The system response during contact with the ground is obtained by solving numerically Eq. (27). In the case of the
viscous damping model, the system response can be calculated theoretically by

x(t)=e " {4 cos ot + 4, sinmdt}—% (35)

Ay and 4, in Eq. (35) are the constants that depend on the system’s initial conditions.

i
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Figure 6. SDOF model of UAV landing process with U-shape landing gear system

3.0 METHODOLOGY

Figure 7 shows the research methodology. The first step is modelling a U-shape landing gear structure. The modeling
process is conducted using GiD Pre-Postprocessor software. The second step is the static analysis of the landing gear
structure. The static analysis is performed using in-house finite element software. In this step, the landing gear stiffness
and maximum elastic force are calculated based on the force and displacement curve obtained from the output of the finite
element program [21,22]. The static analysis is conducted by varying the landing gear dimension, such as height (H),
radius (R), width (W), and length (L) as shown in Figure. 1. The nominal values of the landing gear dimension are defined
as follows: H = 134 mm, R = 65 mm, W =60 mm, L = 120 mm and ¢ =2 mm. The dimensional analysis of landing gear
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is conducted using a variation of H, R, W, and L, as shown in Table 1. The selection of landing gear dimensions in Table
1 is carried out by considering the maximum value of the landing gear’s static deflection.

Structural Modelling

A

A4

Static analysis

yes
Astatik > Athreshol

Dynamic analysis

Figure 7. Research methodology

Table 1. Landing gear dimension variation
H R w L

No. Model (mm) (mm) (mm) (mm)
1 HIRIWILI1 134 65 60 120
2 H2R1WIL1 154 65 60 120
3 H3RI1IWILI1 174 65 60 120
4 HIR2WILI1 134 55 60 120
5 HIR3WILI1 134 75 60 120
6 HIRIW2L1 134 65 80 120
7 HIR1IW3L1 134 65 100 120
8 HIR1IWI1L2 134 65 60 100
9 HIRIWIL3 134 65 60 140

The safety factor (SF) for each model in Table 1 is calculated to obtain the best dimension configuration for the landing
gear. The safety factor is calculated as the ratio between the maximum elastic force and the maximum impulsive force as
given by:

SF _ Pmax
- P[mp (36)
where
my
P =—
= (37)

v is the vertical velocity of the UAV before contacting with the ground. The impact time A¢ is the time length required
for the landing gear to come into contact with the ground. The U-shape landing gear is modeled using the 3D finite
element method. GiD Pre-Postprocessor software is used for FEM modeling software. The upper surface of the landing
gear connected to the fuselage is fixed, and the load is applied vertically to the bottom of the landing gear. Figure. 8 shows
the meshing elements of the U-shaped landing gear calculated using GiD Pre-Postprocessor software.

The landing gear dimension configuration described in Table 1 was modeled with the GID Pre and Post-processor
software and calculated using the FEM program. A SODANA FEM program has been developed for this purpose. The
maximum elastic force (Pnqx) and spring stiffness (k) are calculated based on the concept of the finite element method
involving geometric and material non-linearities. The maximum elastic force and stiffness for each model are determined
from the graph obtained from FEM analysis. The theoretical calculation of landing gear stiffness using the unit-load
method calculated in Eq. (13) is also conducted for the comparison study. In the last step, the dynamic analysis of the
landing gear system is performed with the variation of landing gear dimension and damping. Two damping models were
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evaluated in this section, i.e. the hysteretic damping model and the linear viscous damping model, as depicted in Eq. (28)

and (29).
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Figure 8. Meshing elements of nose landing gear calculated using GiD Software

4.0 RESULTS AND DISCUSSION

The landing gear’s maximum elastic force and stiffness are numerically calculated using in-house finite element
software (SODANA), which has been verified numerically. To investigate the effect of dimension variation on the landing
gear stiffness, the numerical simulation is performed for several dimension configurations of the landing gear structure,
as shown in Table 1. The numerical study is conducted by applying a quasi-static load to the landing gear structure in the
vertical direction. Table 2 shows the mechanical properties of landing gear materials used in the simulation. The
relationship between the applied load and the landing gear deformation is shown in Figure 9. The maximum elastic force
(Prmax), the maximum deflection (dn), the stiffness (k), and the safety factor (SF) for several landing gear dimensions in
Figure 9 are depicted in Table 3. The safety factor described in Table 3 was calculated using UAV vertical velocity v =2
m/s and the landing gear contact time Az = 0.15 s. It is shown from Table 3 that P, and k of model 3(H3R1W1L1) are
lower than those obtained using other models.

Table 2. Mechanical properties of landing gear material

Elastic modulus (MPa) Poission’s ratio

Yield strength (MPa)

207000

0.3

Table 3. Characteristic of landing gear model

No Model Puax(N)  dypax (mm) k£ (N/mm) SF
1  HIRIWILI 102.2 45.35 2.15 1.92
2  H2R1WIL1 91.9 52.55 1.63 1.72
3 H3RI1IWILI1 83.1 64.15 1.31 1.56
4 HIR2WIL1 104.8 40.60 2.49 1.97
5 HIR3WILI1 91.7 50.60 1.78 1.72
6 HIRIW2LI1 141.8 52.00 2.69 2.66
7 HIRIW3L1 179.9 40.70 3.39 3.37
8 HIRIWIL2 107.0 41.60 2.86 2.01
9 HIRIWIL3 93.5 53.50 1.86 1.75
250 250
—H=134mm;
-—H-154mm| | e
1 T e H=175 mm 200 -
2 150 2 150 T
= 100 e I——— = 100 - —W=60mm
T T W80
s - e 5 .;:. P W=100 mm
% 20 40 60 80 100 % 20 40 60 80 100
Displacement (mm) Displacement (mm)
(a) variation of H (b) variation of W
ijame.ump.edu.my 10752



Sonetal. | International Journal of Automotive and Mechanical Engineering | Vol. 20, Issue 3 (2023)

250 : 250 :
—R=55mm —L=100 mm
-~=-R=65 mm -=--L=120 mm
B ) T e R R=75 mm | L s s IR L=140 mm
~ 150 ~ 150
3 /,_——--jjj, --------------------------- = /_,_-—---:_ ............................
o S g IR g T e
= 100 o —’ _____ —= 100 s -
50 e 50 S
v A
0 0
0 20 40 60 80 100 0 20 40 60 80 100
Displacement (mm) Displacement (mm)
(c) variation of R (d) variation of L

Figure 9. The effect of landing gear dimension on the force-displacement curve

According to the results shown in Table 3, the landing gear strength and stiffness can be increased by increasing the
width (W) and decreasing the height (H), radius (R), and length (L) of the landing gear structure. The maximum safety
factor is obtained using the landing gear model HIRIW3L1. A comparison of the landing gear stiffness calculated by
FEM and that from the analytical method is shown in Figure 10(a) and 10(b). The stiffness calculated by the analytical
method is lower than that obtained from FEM analysis. These results may be due to several assumptions used in the
analytical approach. The error percentage of analytical calculation compared with that calculated by FEM is 35%, as
shown in Figure 10. Further inspection from Figure 10 shows that even though the discrepancy between FEM and the
analytical method is relatively large; however, the diagram has the same tendency with the variation of the landing gear
dimensions.

Figure 10(a) shows the effect of variation of the landing gear width (W) on the stiffness. It can be observed that the
stiffness increases with the increase of landing gear width. The effect of landing gear length (L) on the stiffness is shown
in Figure 10(b), where the larger stiffness is observed for the small landing gear length (HIR1W1L2), and the smaller
landing gear stiffness is obtained using the largest length (HIR1W1L3).

5 5
4 4
E 3 E
E £’
P =
=3 £ 2
- -
1 1
0 0
HIR1W1L1 HIR1W2L1 HIRIW3L1 HI1IRIW1L1 H1R1W1L2 HIRIWIL3
E=FEM =—Analytic E=FEM ——~Analytic
(a) (b)

Figure 10. Comparison of landing gear stiffness calculated from FEM and analytical method

Figure 11 shows the force vs displacement curve (hysteretic curve) calculated using ko = 2.34 kN/mm, f, = 0.1 kN and
a=0.01 to 1.25. The large area inside the close-loop curve describes the high non-linearity phenomena, which indicates
the significant energy dissipation condition. The dynamic response of the UAV is calculated using a one-degree-of-
freedom vibration model, as depicted in Figure 6. In the simulation study, the mass parameter(m) is assumed as the portion
of UAV mass supported by the landing gear. The stiffness and damping of the landing gear are considered to come from
the flexibility and structural damping of the landing gear structure. The wheel stiffness and mass are considered much
smaller than the UAV mass, and the values are neglected for the response calculation.

Figure 12 shows the acceleration and displacement response of the UAV system during free fall motion with the
variation of non-linear damping factor (a). The system’s responses are observed at the main mass. In the simulation study,
the UAV mass, the initial stiffness, and the damping factor are m = 4 kg, ko=2.34 kN/m and a = 0.01 to 1.25, respectively.
The responses are calculated using the initial elevation # = 0.05 m which corresponds to the UAV impact velocity v = 1
m/s. As depicted in Figure 12, for small damping (@ = 0.01 and a = 0.05), the acceleration response curve is smooth, and
the UAV mass is reflected after contact with the ground. Meanwhile, for large damping (a = 0.25 and a = 1.25), the
acceleration response curve is distorted due to the high non-linearity of the landing gear system.
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Figure 11. Force vs. displacement curve with the variation of a
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Figure 12. Time response with the variation of a

Figure 13 compares acceleration and displacement responses calculated using non-linear hysteretic damping and linear
viscous damping models. The equivalent linear stiffness and damping ratio for the viscous damping model are calculated
from Eq. (30) and Eq. (32). The simulation is conducted using a moderate damping factor (¢ = 1.25) to evaluate the effect
of the non-linear damping factor on the system response. As seen in Figure 13, the natural frequency of a linear viscous
damping model and the non-linear hysteretic damping model are almost the same. Furthermore, as shown in Figure 13(b),
similar displacement responses are observed in these two models. However, the acceleration response for the hysteretic
damping model, as demonstrated in Figure 13(a), is slightly distorted at the peak curve due to the non-linear effect during
the transition from loading and unloading conditions.
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Figure 13. Comparison of response calculated using hysteretic and viscous damping model

Figure 14 shows the acceleration and displacement response of the UAV model for several variations of landing gear
dimensions. In this simulation study, the damping component of the landing gear system is modeled using a viscous
damping element. The UAV mass, stiffness, and damping ratio used in the simulation are m = 4 kg, ko = 2.34 kN/mm,
and z = 0.05. As shown in Figure 14, increasing the landing gear height (H), radius (R), and length (L) and reducing the
width (W) will reduce the maximum impact load received by the UAV body.

The effect of the damping ratio on the dynamic response of landing gear is shown in Figure. 15. In this simulation,
the damping ratio (z) is varied from 0.025 to 0.2. It is shown in Figure 15 that increasing the damping ratio will reduce
the maximum acceleration response. Furthermore, increasing the damping ratio also reduces the steady-state acceleration
and displacement responses. However, the most significant acceleration response occurred at the instant after the impact
did not change significantly with the variation of damping values. The steering stability of a UAV is influenced by the
contact condition between the wheel system and the ground during landing. The steering stability is large if the contact
condition between the landing gear and ground (x < 0) occurs. As can be seen from Figure 15, the steering stability

increases using a large damping ratio.
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Figure 14. The effect of landing gear dimension on the impact response
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Figure 15. Response system with variation of damping ratio

According to the simulation results, it can be shown that the maximum response amplitude of UAV landing gear using
the spring-mass model due to shock loads is largely determined by the stiffness of the spring. Furthermore, the stiffness
of the U-shaped landing gear can be varied by changing the spring dimensions. These results are very important in
designing the UAV landing gear system because one of the main functions of landing gear is to reduce the shock load

during landing.

5.0 CONCLUSIONS

The U-shaped landing gear stiffness can be increased by increasing the width(#) and reducing the height(H),
radius(R), and length(L) of the landing gear structure. Increasing the landing gear stiffness causes an increase in the
acceleration response and rebound displacement of the UAV. The acceleration and rebound displacement response of
UAVs can be reduced by increasing the damping of the landing gear structure. Two damping models are used to evaluate
the UAV’s response during landing. The displacement responses obtained using viscous damping and hysteretic damping
models are almost similar. However, the acceleration responses are slightly different due to the non-linear effect during

the transition from loading to unloading conditions.
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