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Abstract

This study investigates the influence of strut height on the shimmy stability of
aircraft nose landing gear through both theoretical modeling and experimental
validation. A nonlinear dynamic model incorporating strut height is estab-
lished to derive analytical expressions for the critical shimmy speed. The ef-
fects of key structural parameters, including lateral bending stiffness, torsional
stiffness, damping, diagonal brace positioning, and shimmy damper installa-
tion height, are systematically analyzed. The results indicate that increasing
strut height significantly reduces lateral bending stiffness and damping, lead-
ing to a lower critical shimmy speed and reduced stability. To validate the the-
oretical findings, a nose landing gear shimmy test platform was developed, and
high-precision laser vibrometry was used to capture the dynamic responses un-
der different taxiing speeds. The experimental results align closely with theo-
retical predictions, confirming the accuracy of the model and providing quan-
titative insights into the relationship between strut height and shimmy stabil-
ity. This research offers valuable theoretical guidance and engineering recom-
mendations for optimizing landing gear designs, particularly for aircraft with
high-strut configurations.
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1. Introduction

Landing gear shimmy is a self-excited instability phenomenon caused by coupled
multi-degree-of-freedom vibrations. It typically occurs within a frequency range
of 5 - 30 Hz, with oscillation amplitudes generally below 20° [1].

As studies progressed, researchers expanded model complexity and parameter
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analysis. Liu Shengli ef al [2] [3] experimentally demonstrated that weak local
stiffness at the landing gear-airframe connection significantly reduces the system’s
stability region, providing critical insights for structural optimization. Building on
this, Thota et al [4] developed a three-degree-of-freedom nonlinear model incor-
porating strut lateral bending, torsion, and tire deformation, successfully identi-
fying bifurcation characteristics and stability boundaries. Further refinement by
Thota et al [5] revealed that strut longitudinal bending has negligible influence
on stability, simplifying engineering models. posing risks to both passenger com-
fort and flight safety. To unravel this complex dynamic behavior, Somieski [6]
pioneered a two-degree-of-freedom model for nose landing gear shimmy, system-
atically analyzing the coupling effects of key parameters such as tire lateral stiff-
ness, damping coefficients, shock absorber damping, and strut elasticity. This
foundational work laid the theoretical groundwork for subsequent research.

Recent research has focused on refining strut torsional dynamics. Rahmani et a/
[7] decomposed strut torsion into three components: lower strut rotation, upper
strut rotation, and shimmy damper rotation. Their parametric analysis confirmed
that reducing lower strut stiffness while increasing damper damping significantly
enhances stability—offering key design principles for shimmy suppression systems.

In the mid-20th century, significant breakthroughs were made in the study of
shimmy in nose landing gears, leading to the emergence of two representative the-
oretical models: the point-contact theory of tires and the string theory. Based on
different assumptions regarding tire dynamic characteristics, Moreland et a/. [8]
and Smiley et al [9] proposed these two distinct theoretical models, respectively.
The reliability of these models was confirmed through extensive theoretical deri-
vations and experimental data, and they have since been widely applied and rec-
ognized in practical engineering applications. Boeckh [10] measured experimental
data for four different types of tires and calculated the rotational inertia of the tires
around the vertical axis, thereby validating the effectiveness of the string model
proposed by Von Schlippe et al [11].

As a structure designed to withstand impact loads and provide damping during
aircraft takeoff and landing, the landing gear system ensures the safety and stabil-
ity of aircraft during takeoff, landing, and ground taxiing. Statistical data indicate
that approximately one-third of aircraft accidents are directly or indirectly related
to failures in the landing gear system.

The landing gear system, as a structure designed to withstand impact loads and
provide damping during aircraft takeoff and landing, ensures the safety and sta-
bility of aircraft during takeoff, landing, and ground taxiing. Statistical data indi-
cate that approximately one-third of aviation accidents are directly or indirectly
related to landing gear system failures [12]-[19].

With the continuous increase in modern aircraft weight and takeoff speeds,
higher demands are placed on the design performance of landing gears. Particularly
during the landing phase, the majority of the impact energy is absorbed by the

damping and shock-absorption mechanisms of the main landing gear, while the air-
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frame structure absorbs only a small portion. Therefore, the reliability of the landing
gear is directly linked to the safety of aircraft during takeoff and landing.

This design improves adaptability to various runway conditions and reduces
the risk of engine foreign object inhalation. However, greater strut height also no-
tably affects the lateral bending stiffness and damping characteristics of the land-
ing gear, thereby impacting shimmy stability. With the increasing complexity of
aircraft design and higher performance requirements for landing gear, optimizing
strut height has become a critical issue. Research indicates that increased strut
height may lead to bifurcation phenomena in landing gear shimmy, triggering in-
stability that severely compromises aircraft safety and passenger comfort [17]
[20]-[26]. Given the significant impact of strut height on landing gear stability,
this study establishes a dynamic shimmy analysis model for nose landing gear that
incorporates strut height. Through quantitative analysis of the effects of strut
height and slenderness ratio on lateral bending stiffness and torsional stiffness,
the study investigates their combined influence on shimmy critical speed and sta-
bility. Additionally, the effects of diagonal brace installation position and shimmy

damper damping on shimmy critical speed and frequency are analyzed.

2. Modeling and Analysis
2.1. Nose Landing Gear Dynamic Model Considering Strut Height

The nose landing gear is modeled as a simplified mechanical system incorporating
the strut’s lateral bending and torsional characteristics.

In Figure 1, L, represents the height of the landing gear strut, and 4, denotes
the distance from the installation point of the diagonal strut and shimmy damper
to the landing gear mounting point. The shimmy damper is simplified as a mass-
less spring-damper system with lateral stiffness K and damping C. The nose
landing gear is simplified as a mass-spring-damper system with mass m, lateral
bending stiffness K, and damping C.

<&

H,

‘ K C,

Cs

y

Figure 1. Front view of simplified mechanical model
of nose landing gear considering diagonal strut and
pendulum damper.
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Figure 2 shows the top view of the dynamic model for the landing gear system
shimmy analysis. Below, the calculation process for the parameters in the shimmy

dynamic equations is introduced.

Tire contact surface *

Figure 2. Top view of dynamic model for
landing gear system shimmy analysis.

Assuming that the angular displacement at each point in the lateral bending of

the strut is equal, the lateral bending stiffness and damping coefficients of the di-

agonal strut are derived based on the moment equilibrium equation and energy

2 2
H H

K :K{—lj > Cesr :Cl(—lj (1)
€l Lg [ Lg

The equivalent lateral bending stiffness and damping coefficient of the strut in

conservation theorem:

the nose landing gear system are K, and Cj, respectively:
Ksl = Ks + Keﬁ > Csl = Cs +Ceff (2)

Considering the presence of a rake angle & , the equivalent stability margin L.

from the wheel center to the strut axis is calculated as follows:

Ly =L+Rtan(5) 3)

e

Assuming the upper end of the nose landing gear strut is fixed, the system is
analyzed with torsional freedom 6 around the strut axis, lateral displacement yat
the lower end of the strut, and lateral tire deformation A . The mass of the wheel
and strut assembly is concentrated at their center of gravity, and the tire is as-
sumed to experience no slip relative to the ground. The shimmy dynamic equa-

tions for the landing gear system are derived as follows:

my+mL,,6+Cyy+Kyy+F, =0 (4)
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16+mL,§+(C,+Cy,)0+K,0+F Ly +M, =0 (5)

n —eff
VO+y+L,0-A=0 (6)

Assuming the torsional angle & is small, it can be approximated as sin6=0,
cos@ =1. The lateral force F, acting on the nose landing gear tire can be ex-
pressed in terms of the lateral tire deformation A, denoted as F, = K,A+C,A
The aligning moment M, can be expressed in terms of the tire torsional angle
¢ denoted as M =K ¢p+C_¢ where p=A/o are the lateral stiffness and
torsional stiffness of the tire, respectively.

The nose landing gear strut is simplified as a cantilever beam fixed at one end
and free at the other. Below, the lateral bending stiffness, torsional stiffness, lateral
bending damping, and torsional damping coefficients of the strut are derived.

Lateral Bending Stiffness Coefficient:

The lateral bending stiffness coefficient of the landing gear strut describes its
ability to resist bending deformation under lateral forces. For a circular cross-sec-
tion beam, the lateral bending stiffness coefficient can be calculated using the fol-
lowing formula. By simplifying the nose landing gear strut as a cantilever beam
fixed at one end, the lateral bending stiffness coefficient K; is given by:

K = 3End*

= 7)
64L°

where F is the elastic modulus of the material, 7 is the moment of inertia of the
cross-section, and L, is the height of the strut. For a circular cross-section, the
moment of inertia | =nd 4/ 64, where dis the diameter of the circular cross-sec-
tion.

Lateral Bending Damping Coefficient:

The lateral bending damping coefficient of the landing gear strut describes its
ability to dissipate energy during lateral vibrations. The damping coefficient is
typically related to the material’s damping properties. The lateral bending damp-

ing coefficient Cis given by:

3Emm

C,=¢d’
SRR T

(8)

where {is the damping ratio and mm is the mass of the system. Substituting Equa-
tion (5) into this expression yields the lateral bending damping coefficient
C, =24 JKm.

Torsional Stiffness Coefficient:

The torsional stiffness coefficient of the landing gear strut describes its ability
to resist torsional deformation under torque. For a cylindrical strut, the torsional
stiffness coefficient K, is given by:

Gnd*
? 3L,

&)

where G is the shear modulus of the material, /is the polar moment of inertia of
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the cross-section, and L, is the height of the strut. For a circular cross-section, the
polar moment of inertia J =nd* / 32 Substituting this into the formula yields the
torsional stiffness coefficient.

Torsional Damping Coefficient:

The torsional damping coefficient of the landing gear strut describes its ability
to dissipate energy during torsional vibrations. The damping coefficient is typi-

cally related to the material’s damping properties. The torsional damping coeffi-

4
c, =<4 & (10)
16 L,

where {is the damping ratio, /is the polar moment of inertia, and K, is the

cient C, isgiven by:

torsional stiffness coefficient. Substituting the polar moment of inertia and tor-

sional stiffness coefficient into this expression yields the torsional damping coef-

ficient C, =24,/K,J .
2.2. Model Parameter

Table 1. Parameters of the nose landing gear.

Parameters definition value unit
m Mass of wheel and strut assembly 15 Kg
R Wheel radius 0.1 m
) Rake angle 0.157 rad
¢ Damping ratio 0.5
H Landing gear height 1 m
H Distance from diagonal strut installation 0.3
. m
! point to landing gear mounting point
L, Strut height 0.5 m
d Strut diameter 0.1 m
L Stability margin 0.07 m
L Distance from the center of mass of the
g . 0.01 m
wheel-strut assembly to the strut axis
Moment of inertia of the wheel-strut
| ) 1 Kg:m?
assembly about the strut axis
K, Lateral bending stiffness of the strut 130,600 N/m
Lateral bending dampi fficient of
C. ateral bending damping coefficient o 0.012 Nem-s/rad
the strut
K, Torsional stiffness of the strut 5400 N-m/rad
Torsional d i fficient of th
c, orsional damping coefficient of the 0.022 Nem-s/rad
strut
K, Lateral stiffness of the diagonal strut 99,000 N/m
G Lateral damping of the diagonal strut 0.01 N-m-s/rad
K, Lateral stiffness coefficient of the tire 112,000 N/m
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0.025

0.02

Continued
C, Lateral damping coefficient of the tire 200 N-m-s/rad
K, Torsional stiffness of the tire 1 m/rad
C, Torsional damping coefficient of the tire 0.9 N-m-s/rad
o Relaxation height of the tire 0.22 m
Cq Shimmy damper damping 100 N-m-s/rad
\Y Speed 0-100 m/s

3. Influence of Landing Gear Structural Parameters on
Shimmy Stability and Time-Domain Response Analysis

To validate the reliability of the shimmy dynamic model of the landing gear, a
time-domain simulation analysis is conducted with the following parameters:
strut height Z, = 0.5 m, diagonal strut installation height /7= 1 m, equivalent lat-
eral bending stiff Ky = 130,600 N/m, shimmy damper damping Cs = 100
N-m-s/rad, and speed V= 60 m/s. Other parameters are consistent with those in
Table 1.

First, taking a taxiing speed of 60 m/s as an example, the above parameters are
substituted into the shimmy dynamic Equations (4)-(6) for simulation analysis.
The time-history response curves of the strut torsional angle, strut lateral displace-
ment, and tire lateral deformation are obtained, as shown in Figure 3.

From Figure 3, it can be observed that at a taxiing speed of 60 m/s, the strut
torsional angle, strut lateral displacement, and tire lateral deformation all con-
verge. Since the taxiing speed is below the critical shimmy speed of 67 m/s.

Next, taking a taxiing speed of 67 m/s as an example, the same parameters are
substituted into the shimmy dynamic Equations (4)-(6) for simulation analysis.
The time-history response curves of the strut torsional angle, strut lateral displace-

ment, and tire lateral deformation are obtained, as shown in Figure 4.
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Figure 3. Time history response curve at velocity 60 m/s (a) Angle of twist of the strut axis; (b) Lateral displacement of strut; (c)
Lateral displacement of the wheel.
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Figure 4. Time history response curve at velocity 67 m/s. (a) Angle of twist of the strut axis; (b) Lateral displacement of strut; (c)
Lateral displacement of the wheel.
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4. Shimmy Test of the Landing Gear

To better analyze the dynamic characteristics of the landing gear, this study conducted
shimmy experiments on the nose landing gear and collected experimental data. The
primary objective of the experiments was to investigate the dynamic response of the
nose landing gear under different taxiing speeds and periodic excitations, providing
experimental data support for the analysis of landing gear shimmy stability.

By adjusting the rotational speed of the flywheel, the taxiing speed was con-
trolled, and the dynamic response of the nose landing gear at different speeds was
studied. Under low-speed conditions, the landing gear exhibited lower shimmy
frequencies and amplitudes. At high taxiing speeds, as the shimmy speed of the
system increased, the acceleration response also significantly increased. When the
taxiing speed approached the critical speed, shimmy instability occurred, and the
amplitude began to increase. However, after exceeding the critical speed, the nose
landing gear tended to achieve dynamic stability. The experiments revealed that
this instability in nose landing gear shimmy is closely related to factors such as the
structural stiffness and damping of the strut.

Additionally, periodic excitations were introduced in the experiments to simu-
late the vibration response of the landing gear when encountering uneven ground
or external loads. This helped to study the dynamic characteristics of the landing
gear strut, such as displacement and acceleration, during shimmy. The response
amplitude and frequency characteristics under resonant conditions were meas-
ured using a laser vibrometer and its analysis system. These results provide valu-
able experimental data references for the subsequent design of shimmy dampers

for the nose landing gear.

4.1. Introduction to the Test Bench Equipment

The test utilized the PSVQTec3D ultra-low noise 3D scanning laser vibrometer.
The QTec scanning laser vibrometer is one of the most advanced non-contact vi-
bration measurement systems available today. This equipment is widely used in
scientific research and development for determining vibration modes and charac-
teristic frequencies in fields such as NVH (Noise, Vibration, and Harshness),
acoustics, structural dynamics, ultrasonics, FEM (Finite Element Method) modal
validation, and NDT (Non-Destructive Testing). The parameters of the single-
wheel nose landing gear model used in the experiment are shown in Figure 5.
For each test condition, several different forward speeds of the nose landing
gear were tested: 5 m/s, 10 m/s, 15 m/s, 20 m/s, 25 m/s, and 30 m/s. These speeds
were selected because they cover the range at which shimmy commonly occurs in
both heavy and light aircraft. The reported peak amplitude refers to the first pos-

itive peak, i.e., the maximum amplitude after the impact [27]-[30].

4.2. Forward Speed Test on a Smooth Runway Surface

The first condition involves the forward speed test on a smooth runway surface.

All single-wheel nose landing gear parameters are consistent with those in Table 2.
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Figure 5. Shimmy test setup for the nose landing gear.

Table 2. Parameters and values of the single-wheel nose landing gear shimmy model for

the experiment.

Parameters definition value unit
m Mass of wheel and strut assembly 0.5 Kg
R Wheel radius 0.05 m
9 Rake angle 0.157 rad
¢ Damping ratio 0.5
H Landing gear height 0.31 m
L, Strut height 0.18 m
d Strut diameter 0.2 m
| Moment of inertia of the wl.leel-strut 156 x 104 Kgm’

assembly about the strut axis
K, Lateral bending stiffness of the strut 2.71 x 10° N/m
C. fljetzr;lui)ending damping coefficient of 6.6 Nem-s/rad
K, Torsional stiffness of the strut 1.03 x 10° N-m/rad
c, Torsional damping coefficient of the a5 Nem-s/rad
strut

K, Lateral stiffness coefficient of the tire 12,000 N/m
C, Lateral damping coefficient of the tire 100 N-m-s/rad
K, Torsional stiffness of the tire 700 m/rad
C, Torsional damping coefficient of the tire 0.8 N-m-s/rad
\Y Speed 0-50 m/s
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Below are the experimentally measured relationship graphs for frequency vs. am-

plitude, frequency vs. velocity, and frequency vs. acceleration at the corresponding
speeds.

The relationship graphs for a speed of V=5 m/s are shown in Figure 6:

& 2
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Frequency [ Hz] |
(a)
15
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2
i
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(©)

Figure 6. V = 5 m/s (a) Frequency vs. Amplitude; (b) Frequency vs. Velocity; (c) Frequency vs. Acceleration.

The relationship graphs for a speed of V=10 m/s are shown in Figure 7:
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Figure 7. V = 10 m/s (a) Frequency vs. Amplitude; (b) Frequency vs. Velocity; (c) Frequency vs. Acceleration.

The relationship graphs for a speed of V=15 m/s are shown in Figure 8:
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Figure 8. V = 15 m/s (a) Frequency vs. Amplitude; (b) Frequency vs. Velocity; (c) Frequency vs. Acceleration.
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The relationship graphs for a speed of V=20 m/s are shown in Figure 9:
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Figure 9. V = 20 m/s (a) Frequency vs. Amplitude; (b) Frequency vs. Velocity; (c) Frequency vs. Acceleration.

The relationship graphs for a speed of V=25 m/s are shown in Figure 10:
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Magnitud:

Frequency [ Hz]
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Figure 10. V = 25 m/s (a) Frequency vs. Amplitude; (b) Frequency vs. Velocity; (c) Frequency vs. Acceleration.

The relationship graphs for a speed of V=30 m/s are shown in Figure 11:
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Figure 11. V = 30 m/s (a) Frequency vs. Amplitude; (b) Frequency vs. Velocity; (c) Frequency vs. Acceleration.

As shown in the figures above, the vibration response of the landing gear tire
changes with increasing speed. When the tire’s taxiing speed is 20 m/s, the vibra-
tion amplitude reaches its maximum value of 42 micrometers, corresponding to a
frequency of 2 Hz. When the speed increases to 30 m/s, the vibration frequency
rises to 91 Hz, while the amplitude slightly decreases to 34 micrometers. In terms

of velocity response, at a taxiing speed of 30 m/s, the peak velocity response
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reaches approximately 20 mm/s, occurring at a frequency of 92 Hz. In contrast, at
a speed of 25 m/s and a frequency of 78 Hz, the peak velocity response is only 8
mm/s. The acceleration response shows more pronounced changes, reaching a
maximum value of 12 m/s? at a taxiing speed of 30 m/s, with the peak correspond-
ing to a frequency of 91 Hz. At 25 m/s and a frequency of 78 Hz, the acceleration
response is 3.4 m/s’.

Further comparison of Figure 6, Figure 9, and Figure 11 reveals that as the
taxiing speed increases, the growth trends of the vibration parameters become ev-
ident:

1) Amplitude Variation: Compared to the low speed of 5 m/s, when the taxiing
speed increases to 20 m/s, the amplitude expands from 7 micrometers to 42 mi-
crometers, a 6-fold increase. When the speed further increases to 30 m/s, the am-
plitude slightly decreases but remains at a relatively high level. This indicates that
the amplitude initially increases with speed within a certain range, reaches a peak,
and then begins to decrease.

2) Velocity Response: At a taxiing speed of 5 m/s, the velocity response is 2.6
mm/s, while at 30 m/s, the peak velocity response reaches 20 mm/s, an increase of
approximately 9 times. The experimental data show that the velocity response ex-
hibits a more significant increase trend at high taxiing speeds.

3) Acceleration Variation: At the low speed of 5 m/s, the acceleration response
is 1.8 m/s?, while at 30 m/s, the maximum acceleration increases to 12 m/s* a 6.7-
fold increase. The acceleration shows a growing trend with increasing taxiing

speed, particularly in the high-frequency range.

4.3. Summary of Trends

The experimental results reveal the following characteristics of the landing gear
tire’s vibration response:

1) The amplitude significantly increases with taxiing speed but begins to de-
crease after reaching a peak at 20 m/s. The experimental results show that the
system’s amplitude significantly increases when approaching the critical shimmy
speed, which aligns with the theoretically calculated critical shimmy speed range
(10 m/s - 20 m/s).

2) Both velocity and acceleration responses increase exponentially with taxiing
speed, showing more pronounced peak responses at high speeds. The higher the
speed, the higher the peak, indicating that high-frequency vibrations have a greater
impact on the system’s dynamic performance.

3) Amplitude, velocity response, and acceleration response all exhibit peaks
corresponding to specific speeds and frequencies, indicating that the system tends
to resonate under certain conditions.

In terms of acceleration alone, it increases with the speed of the landing gear
tire. As the speed increases, the vibration frequency corresponding to the acceler-
ation changes also shifts. The graphs show that each experiment exhibits three

distinct regions of significant acceleration changes. The higher the speed, the
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higher the frequency at which these changes occur, and the acceleration peaks
show a clear backward shift.

From this experiment, it is evident that as the landing gear system is driven by
the flywheel, the tire gains speed. When the speed increases from 10 m/s to 20 m/s,
the landing gear tends to become unstable, with the amplitude increasing by at
least 6 times. However, when the speed increases to 30 m/s, compared to 20 m/s,
the frequency at which instability occurs shifts backward to 16 Hz, and the ampli-
tude decreases from 42 micrometers to 32 micrometers, though it remains signif-
icantly higher than 7 micrometers. This shows that while an increase in tire speed
does not necessarily lead to a larger amplitude and instability in the strut’s mid-

section, it does increase the acceleration.

5. Conclusions

This paper addresses the stability issue of aircraft nose landing gear shimmy by
combining theoretical modeling and experimental validation. It systematically an-
alyzes the influence of strut height and structural parameters on the critical
shimmy speed and frequency, and proposes optimization design recommenda-
tions. The main research content and conclusions are as follows:

1) Theoretical Modeling and Parameter Analysis

A nonlinear dynamic model incorporating strut height and slenderness ratio is
developed, revealing that increased strut height weakens lateral bending stiffness
and damping.

Analytical expressions for critical shimmy speed and frequency indicate that a
higher strut height lowers the critical speed, increasing the likelihood of shimmy
instability.

2) Experimental Validation and Time-Domain Response Analysis

Experimental Design: A shimmy test platform for the nose landing gear was
constructed, and data were collected using a PSVQTec3D 3D laser vibrometer.
Dynamic responses at different taxiing speeds (5 - 30 m/s) were tested.

Key Findings:

Amplitude Characteristics: At a taxiing speed of 20 m/s, the peak amplitude
reaches 42 um (a 6-fold increase compared to 5 m/s), approaching the theoretical
critical speed range (10 - 20 m/s).

Acceleration Response: At high speeds (30 m/s), the peak acceleration reaches
12 m/s?, with the frequency shifting to higher modes (91 Hz).

Stability Boundary: Below the critical speed (67 m/s), the system remains stable
with convergent responses; above the critical speed, the responses diverge, vali-
dating the accuracy of the theoretical model.

3) Engineering Implications and Future Research

This study provides practical design insights for mitigating shimmy instability
in high-strut landing gears, relevant to commercial airliners and transport aircraft.

Future research should explore multi-body dynamics and aeroelastic interac-

tions to develop advanced shimmy suppression strategies, especially for landing
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gear systems operating under variable runway conditions.

4) Innovations and Contributions

Experimental Validation: High-precision laser vibrometry quantifies the bifur-
cation characteristics of shimmy responses with speed, filling the gap in experi-
mental data for high-strut landing gears.

Engineering Value: Provides parameter matching guidelines for anti-shimmy
design of landing gears, particularly suitable for wide-body airliners and transport
aircraft with high-strut configurations.

5) Future Prospects

Future research could further integrate multi-body dynamics and aeroelastic
coupling effects to explore shimmy suppression strategies under complex runway
excitations and extend to the cooperative stability analysis of multi-wheel landing
gear systems.

By combining theoretical derivation and experimental validation, this paper
provides important insights into the mechanism analysis and engineering optimi-

zation of aircraft landing gear shimmy issues.
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