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Overview of Landing Gear Dynamics
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One problem facing the aircraft community is landing gear dynamics, especially shimmy and brake-induced
vibration. Although neither shimmy nor brake-induced vibrations are usually catastrophic, they can lead to ac-
cidents due to excessive wear and shortened life of gear parts and contribute to pilot and passenger discomfort.
Recently, NASA has initiated an effort to increase the safety of air travel by reducing the number of accidents
by a factor of � ve in 10 years. This safety initiative has spurred an increased interest in improving landing gear
design to minimize shimmy and brake-induced vibration, which are still largely misunderstood phenomena. To
increase the understanding of these problems, a literature survey was performed. The major focus of this paper is
to summarize work documented from the last 10 years to highlightthe latest efforts in solving these vibration prob-
lems. Older publications are included to help the reader understand the longevity of the problem and the � ndings
from earlier researchers. The literature survey revealed a variety of analyses, testing, modeling, and simulation
of aircraft landing gear. Experimental validation and characterization of shimmy and brake-induced vibration of
aircraft landing gear are also reported. An overview is presented of the problem documented in the references,
together with a history of landing gear dynamic problems and solutions. Based on the assessment of this survey,
recommendations of the most critically needed enhancements to the state of the art are given.

Introduction: Problem De� nition

L ANDING gear vibration includes self-inducedoscillations re-
ferredto as shimmyand brake-inducedvibration.Shimmy may

be caused by a number of conditions such as low torsional stiffness,
excessive free play in the gear, wheel imbalance, or worn parts.
Brake-induced vibration includes conditions known as gear walk,
squeal, and chatter, which are caused by the characteristicsof fric-
tionbetweenthebrake’s rotatingandnonrotatingparts.Squeal refers
to the high-frequency rotational oscillation of the brake stator as-
sembly, whereas chatter and gear walk refer to the low-frequency
fore and aft motion of the gear.

Shimmy
History and Background

It is generally acknowledged that the fundamental contributions
to understanding shimmy were made by the French, whereas the
Germans were responsible for much of the subsequent systematic
development. In France and Germany, shimmy was regarded as a
problem that should be dealt with early in the design stages. In
the United States, the general tendency was to � x a problem after
it had occurred. The U.S. literature is quite extensive but was not
considered to be representativeof a systematic development.There
were also signi� cant contributions from other countries, including
Russia, whose papers did not begin to appear in the literature until
the 1930s.1

The � rst fundamental contributions toward understanding the
shimmy phenomenon emerged from the automobile industry in
France around 1920. Of particular signi� cance was information
publishedby Broulhiet in 1925.2 His observationsof the role of tire
mechanics on shimmy behavior are still followed today. Whereas
Broulhietconcentratedhis attentionon the tire, Sensaudde Lavaud3

formulated the � rst fundamental shimmy theory. His theory incor-
porated a rigid tire that disregarded any effect of ground forces on
the tire. Fromm4 also studied wheel shimmy in automobiles and
recognized the similarities between the wheel vibration problems
in automobiles and aircraft. He was one of the � rst to identify the
vertical elasticity of the tire as the main contribution to the vertical
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displacementof the vehicle.His earlier investigationson rollingslip
of deformable wheels led him to study the effect of sideslip or yaw
of the rolling wheel due to lateral forces. Fromm’s studies of lateral
forces acting on the wheels led to the realization that these forces
were coupled with the shimmy oscillation through the moment of
the forces about the longitudinal axis. Either damping or buildup
of the initial disturbancewould occur, dependingon the phase shift
between the coupled motions. Von Schlippe and Dietrich5 made
signi� cant progress in de� ning the yaw angle and the swivel angle
as arbitrary functions of time. Their tire concept was simpli� ed as
a thin band with lateral elasticity leading to simple expressions for
the forces and moments. This concept eventuallybecame known as
the string theory.

Some of the earliestinvestigationsof shimmy problems in aircraft
took place at Wright Field in Dayton, Ohio. In 1944,6 initial taxi
testing of a � ghter aircraft (Me 309) exhibited severe shimmy of the
nose gear. Design of new piston shimmy dampers, in coordination
with landing gear manufacturers, eliminated shimmy entirely for
this aircraft. Other efforts at Wright Field7 included analysis de-
velopment and validation by test. One such effort utilized a steel
drum to perform studies on various airplane tires to correlate lateral
deformation and lateral tractive force to banking angle and lateral-
load force. In 1950, even though the shimmy problem had been
studied for many years, it was still a very common occurrence in
automobiles, trailers, and aircraft. Physical control of shimmy was
availablein hardwaresuch as shimmy dampers,but littlewas known
about the cause of shimmy. Wright Air DevelopmentCenter started
a program in 1951 to study the problem of shimmy and to learn the
de� ciencies of earlier efforts to combat the problem. The program
included the developmentof a theory of shimmy, computer studies,
experimental researchon a laboratorymodel, and full-scale testing.
Even though earlier efforts traced the shimmy problem to the me-
chanical properties of the pneumatic tire, it was during this study
that Moreland8 theorized that the tire support � exibility was a more
important considerationthan the tire mechanics. He contended that
a shimmy theory based on the elastic properties of the tire alone
was insuf� cient and that torsional and lateral rigidities, the wheel
moment of inertia, and the weight of the strut were also critical
in de� ning system stability.9 Only a fairly complete model of the
structure, including the tire properties, could properly evaluate the
stability of the system.

During the 1970s, many investigators attributed landing gear vi-
bration to wheel and tire imperfectionsand road surface roughness.
In Refs. 10 and 11, it was found that when the frequency of the
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normal load oscillation was approximately twice the shimmy fre-
quency, a decrease in the shimmy stability would occur. This loss
of stability was primarily due to the variations of tire parameters
with normal load. Other investigations found that shimmy motion
was largewhen the frequencyof wheel shimmy was close to the fre-
quencyof the wheel rotation.This resonanceoccurredat a particular
forward velocity that was a function of the trail of the system. Stud-
ies concluded that braking forces tended to increase stability and
that traction forces decreasedstability, even though these effects are
small. By 1980, gear designs were having to adapt to increasing
gross weight of the aircraft, increasing aircraft � exibility, higher
ground roll speeds, and substandard landing � elds. By now it was
apparent that to fully understand the shimmy problem, it was nec-
essary to account for airframe � exibility and the coupling between
the gear and airframe, and to weigh the effects of free play in gear
components and damping devices on the system. There were many
new areasof landinggear design that had emergedand neededatten-
tion. For example,groundsimulatorswere being developedfor pilot
evaluation of steering capabilities that created a need for accurate
mathematical models and � ight testing for simulator veri� cation.
Structural and system testing were performed both during and after
the design stage to substantiate the strength and performanceof the
gear. Tire braking and cornering data were practically nonexistent
during this time, and oversimpli� cation of many system parame-
ters made for inaccurate models. Shimmy damping requirements
often con� icted with good high-speeddirectionalcontrol. Compos-
ite carbon brakes were introduced,and antiskid systems were being
used to optimize the braking performance and prevent skids and
tire blowouts. Air-over- oil shock struts typically provided shock
absorption where the damping was a function of the shock strut
stroke.12

Airframe Flexibility Effects

In Refs. 8 and 9, Moreland characterizes shimmy by de� ning
the relationship between a single nondimensional quantity, called
the inertia ratio, and the dynamics of the airframe. In most cases
he studied,when the simplest systems were stable, the higher-order
systemswerenot less stable.To describepreciselythe systemand the
shimmy phenomena, the mathematical model required � ve degrees
of freedom: tire de� ection, swivel angle, strut de� ection, damper-
linkagestrain,andairframemotion.Comparisonsof varioussystems
were made with and without tire elasticity.The stability of the gear
was in� uenced by 15 system parameters that were brought together
in the shimmy analysis by a seventh-order characteristic equation
of the model. Routh’s stability criterionwas applied to the equation
to study the effects of changing gear parameters on the stability of
the gear. Plots of dimensionless quantities such as velocity ratio,
damping ratio, mass ratio, trail ratio, and inertia ratio de� ned the
stability boundaries.

In 1960 at NASA Langley Research Center, a simple experimen-
tal aircraft model was used to study the effects of gear and airframe
variables on nose landing gear shimmy behavior.13 A dynamically
scaled skeleton model of an aircraft with a single main skid and
castering wheel was towed on a moving belt runway at constant
speed. The simplicity and size of the model made it relatively easy
to vary model parameters for different con� gurations,thus allowing
evaluationof the gear through repeated observationsof the model’s
response to varying conditions. Nose wheel steering and forms of
shimmy damping were shown to have a stabilizing effect when the
wheelwas at an angle to thedirectionof motion.Anotherstudyof the
roleofairframedynamicsin shimmy analysisis describedin Ref. 14.
This report describes the theoretical and experimental study of the
F-101 and F-104 nose landinggear shimmy. The dynamic response
characteristicsof the airplane fuselage were simulated during these
tests with a mechanical � xture attached to an overheadplatform that
servedas a mountingstructurefor landinggear.Frequency-response
characteristicswere obtainedexperimentallyby applyinga periodic
input to the fuselageat the nose gear station and recording the resul-
tant bendingand torsionalmotions. A graphical techniquewas used
to � t the theoretical frequency-response data to the experimental
data to determine the parameters of the simulator from the transfer

functions. Fuselage simulators were then designed and used to test
the F-101 and F-104 aircraft systems.

In Ref. 15 an analytical method is presented to determine the
random vibration response of a � exible aircraft caused by runway
irregularities transmitted through the main gear struts. The runway
pro� le is representedas a stationary Gaussian random process.The
statisticalor power spectral approach yields only an average or root
mean square value of the response. This method is useful for esti-
mating fatigue effects in airframes and landing gear and has value
for investigating the effect of parameter variations in the average
sense. The major drawback of this approach is that, for the proba-
bility distribution to be independentof the positionalong the length
of the runway, the pro� le has to have the same degree of roughness
at all points, which is usually not the case. In 1976, a simpli� ed
model of the longitudinal vibration of a landing gear strut during
landing and spinup of the wheel was developed. The in� uence of
the lateral forces on the rotating wheels during landing was studied
while accounting for the interface between the strut and airframe.16

The elastic forcesproducedin the strut were calculatedfrom landing
gear and aircraft fuselage modes.

There have been recent efforts to approach the landing gear
shimmy problemas a “� exible landinggear interactionwith � exible
aircraft” problem, as in Ref. 17. This paper presents this approach
to integrating the � exible properties of the aircraft into the shimmy
investigation of nose landing gear during the development phase
of a � ghter aircraft. Taxi tests of the prototype indicated a severe
shimmy oscillationat a frequencyof 25.7 Hz. After consideringsev-
eral potential � xes, it was found that increasing the pressure level
in the nose gear tire removed the oscillation. Higher-order models
of landing gear legs were used to include all of the features that are
needed to represent the interactions with other subsystems during
groundroll and landingsimulations.The most importantparameters
in this shimmy investigationwere the relaxationlength or the length
of the ground contact area of the tire and the damping (friction) of
the piston against the cylinder. The elastic fuselage modes were not
considered to be important if the leg mode frequencies were well
separated from the aircraft mode frequencies.

Role of Tire Theories

As alreadymentioned,tire mechanics are intimatelyrelated to the
shimmy problem. Tire models were very dif� cult to de� ne because
of the in� uence of the ground forces on tire behavior. Because the
problem of shimmy and self-excited vibration of landing gear has
existed for such a long time, many theories on the elastic defor-
mation of tires have been proposed. There was much controversy
over the advantagesand disadvantagesof these theoriesdue to erro-
neous conclusions presented in previous papers on tire mechanics
and shimmy.18 The tire theories were categorized into two basic
groups.19 The major differencebetween the two groups is the num-
ber of coordinates used to describe the tire deformation. The � rst
group yielded the simplest theory because there was no tangible
model. The tire was taken into account by considering its kinemati-
cal behavior in the overall system. This group includes Moreland’s
pointcontacttheorythat assumedthe interactionbetweenthe ground
and the tire could be treated as a single point.8 This theory accounts
for the effect of side force on the yaw angle of the tire and a time
delay between the application of the side force and the steady-state
yaw.18 The second group uses a physicalmodel of the tire. The most
renowned example of this group is the string model.5 In this theory,
the tire is approximated by an elastic string stretched around the
outer edge of the wheel and attached by elastic springs. The elastic
restoring effect of the tire is based on a linear principle that the de-
viation from the original swivel angle is proportional to the lateral
de� ection of the tire. The tire force and moment are found by inte-
grating the in� nitesimal effects of the deformations.18 This theory
assumes pure rolling of the tire. Pacejka20 improved this approxi-
mation by using multiple stretched strings to simulate the width of
the tire, and nonstationarypropertiesof the rolling tire are included.
Most theories are linear, which meant only small perturbationsand
no sliding in the contactareaof the tire are addressed.Thesemethods
are considered effective for low-frequency applications. Pacejka’s
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method is particularly applicable to vibration problems of steering
and suspension systems of vehicles at high speed and frequency.
Simple equations are derived that relate inertial forces to dynamic
displacements and external ground forces to static displacements
of the tire center plane. His analytical results compared well with
experimental data.

In 1957, Smiley21 developed a summary theory that combined
many features of the existing theories and included comparisons
with experimental data. The summary theory is a minor modi� -
cation of the basic theory of Von Schlippe and Dietrich5 that in-
cludes tilting of the tire in more detail while omitting Pacejka’s20

re� nements necessary for wide tires. The kinematic relations of the
lateral de� ection of the tire ground-contactcenterpointwith the cor-
respondingwheel coordinatesof lateralde� ection,swivelangle, and
tilt angle are given for a rolling tire. Informationabout tire distortion
is used in the derivation of these kinematic relations. Equations for
the forces and moments on the wheel, together with the kinematic
relations, establish the equations of motion for a rolling wheel. The
theory was not validated for full-scale conditions, and there was
no reliable method at that time to predict the elastic characteristics
of tires that were needed for shimmy analysis. Discrepancies were
attributed to tire hysteresis effects and other nonlinear in� uences;
however, there were no strong indicators that nonlinear theory was
necessary to predict stability boundaries. Reference 22 is an excel-
lent comprehensivestudy of three tire modeling theories (Smiley,21

Moreland,8;9 and Pacejka20 ) and a numberof tire testingmethodolo-
gies for acquiring tire property information, which were validated
againstfull-scalelaboratoryshimmytestingof differenttypesof new
and used tire designs. Large differences were shown between the
static and dynamic tests for measuring tire properties.The Smiley21

tire model performed very well when compared to test data; how-
ever, dif� culties in � tting the other tire models to the experimental
data were reported. The effects of other landing gear parameters on
gear stability were also studied. For example, the addition of mass
and frictionto the landinggearsystemwas shownto increasethe sta-
bilityof the gear. In Refs. 18 and 19 comparisonsare providedof two
basic tire theories from a validation standpointas well as from com-
putationaland clarity aspects. It was found that both of these funda-
mental linear theories predicted shimmy characteristics of landing
gear systems if the input parameters were properly chosen.

Brake-Induced Vibration
Technologicaladvancesin aircraftled to smallerbrakeswith more

energy to dissipate, lighter shock struts with higher strength mate-
rials, and increased � exibility, all of which increased the likelihood
of vibrations of landing gear due to braking action. Brake-induced
vibrations in landing gear may be induced for several reasons. The
self-excitation of modes caused by negative damping arises from
variations in the coef� cient of friction with instantaneous slip ve-
locity. Forced oscillationsare caused by irregularitiesin the friction
surfaces.Self-excitedwhirl vibrationis causedby eccentricityof ro-
tating and nonrotatingbrake parts. The information report on brake
dynamics of the Society of Automotive EngineeringCommittee A5
in 199723 categorized these landing gear dynamic vibration prob-
lems. A uniform method of classifying brake characteristics was
given in terms of coef� cient of friction,dynamicvariationof friction
coef� cient, wear variation, and torque vs pressure characteristics.
Self-excitation may be induced by large variations in the stiffness
of brake components, poorly phased feedback in the antiskid sys-
tem, and tire lockup corresponding to maximum drag. Solutions to
these vibration problems included provision of basic aircraft para-
metric data from airframe manufacturers for analysis and testing.
Data collection from � ight testing is needed for skid control on wet
and dry surfaces at shimmy speeds. Brake history and frequency
and amplitude of vibration are desirable to characterize a pattern.

One early investigationonbrakevibrationwas reportedin Ref. 24,
in which a study of landing gear vibration due to brake chatter and
squeal during taxi and landing was performed. The report contains
both experimental (static, dynamic, and taxi tests) and theoretical
studies explainingthe basic phenomena and pointingout the impor-
tant design considerations.Static tests were conductedto determine

parameters such as weight and mass moments of inertia, damping
ratios, and spring rates that were needed for analytical studies. Dy-
namic tests includedbrake and strut dynamometer testing that mea-
sured drag loads, brake pressure, wheel speed, side force, fore and
aft motion of the axle, and angular accelerationof the axle. Because
taxi tests involve a number of relatively uncontrollablevariables, it
is dif� cult to achieve the same results with the dynamometer tests.
Systems of individual masses, springs, and dampers were used to
represent the landing gear to aid in studying the effects of fric-
tion characteristicsof the brake on the dynamic stability of the gear.
Only linear solutionswere consideredin this report; however, it was
recommended that nonlinear friction characteristicsbe included in
futuretheoreticalstudies.The dynamometertests revealeda connec-
tion between the chatter frequencies and the wheel rotation. Theo-
retically, decreases in chatter amplitudes were noticed for increases
in strut damping, rolling radius, and total mass. Another effort to
study landing gear chatter and brake squeal vibrations occurred at
the Naval Research Laboratory during the development of a digital
programto simulate the DC-9 aircraft main gear slowing to a stop.25

The analyticalmodel representedthe fore and aft motion of the gear
with accompanying rotational motion at the gear axle. Compari-
son of computed responses and measured data indicated reasonable
simulation accuracy.The analysis showed that brake torque was the
primary contributor to chatter and squeal vibration. Increasing the
brake torque, in combinationwith diminishing brake rotor to stator
angular velocity, instigated the vibration. This function effectively
produced a negative damping that sustained or increased the vi-
bration amplitudes. Attenuation methods included using a mix in
the brake lining that ensured a � at brake torque function. Vibration
absorbers were also suggested, even though an excessive weight
penalty existed for chatter vibration absorbers.

At Wright–Patterson Air Force Base, dynamometer tests were
performed to simulate normal service conditions experienced by
the brake on the T-38A aircraft for the purpose of investigating
the brake characteristics.26 Brake torque, hydraulic pressure, dy-
namometer � ywheel speed, and test wheel speed were measured
during dynamometer tests performed on a B. F. Goodrich 2-727
brake assembly at three different deceleration and brake initiation
speeds to determine the kinetic friction and relative rubbing veloci-
ties. The experimental data and the analysis both indicated that the
system was stable. Dynamometer test temperatures were used to
investigate the temperature response of the brake rotor and stator
during braking.A comparison to the analyticalmodel showed good
reliability for predicting rubbing surface temperatures. Predicting
these temperaturesaccurately is advantageousto designers because
of the potentialfor strut chatterand metallurgicaldesigncriteria.All
tests were conductedon new brakes; however, it was suggested that
these tests and analyses should also be performed on worn brakes
to observe any differences in the results.More recent investigations
emphasized the effect of the variation of friction coef� cient with
slip velocity between rotors and stators, as in Ref. 27. This report
also gives an overviewof the stabilityand modal interactionscaused
by nonlinearnegativedamping at the brake friction interface. It was
emphasized in Ref. 28 that the braking system should be analyzed
as a global system rather than as separate components due to the
coupling between the parts. Nonlinear modeling of aircraft landing
gear brake whirl and squeal was discussed in Refs. 29–31. These
studies found that systemstabilitycouldbe alteredby changesin the
brake friction coef� cient, pressure, stiffness, geometry, and various
brake design parameters.

Modeling and Simulation
Traditionally,the emphasisin analyticalpredictioncapabilitywas

on landing impact loads because these were considered to be the
largest that the aircraft would experience. The oscillatory loads
from taxiing were deemed as secondary. The emphasis eventu-
ally included the requirement to model the gear more accurately
to improve the dynamic response predictions. The state of the art
in modeling techniques for landing gear before 1980 was summa-
rized in Ref. 32. There was a need for experimental veri� cation of
the details of the gas compressionprocess and determination of the
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parametersthat affect thisprocess,suchas hydraulic� uid compress-
ibility, � uid–gas mixing, and deformation of the gear chamber. The
ori� ce coef� cients were considered extremely important for calcu-
lating the response of the gear, and very accurate procedures were
needed to determine these values for hydraulic damping. Because
the ori� ce � ow is highlyunsteady,problems arose when steady � ow
hydraulic force models were used in taxi simulations.Most models
included friction as dry or coulomb friction, but frictional forces
were sometimes left out of the analysis because a good method for
measuring these forces was not known. Normal forces on the bear-
ings that create friction forces were dependenton the gear geometry
and the wheel loading. For � exible models, where the deformation
of the gear was included in the analysis, determination of the nor-
mal forces became very complex. The tire was modeled as a simple
spring (linear and nonlinear) with point contact with the ground
and linear viscous damping. Tire stiffness was representedby static
load de� ection curves either provided from experimentor manufac-
turer. The tire interface with the ground and the geometry of the tire
footprint was an area that needed more attention. Numerical simu-
lations could be used with some con� dence to predict fatigue and
peak loads if the analysis had been evaluated with taxi or drop test
data. Modeling and simulation efforts over the past 10 years have
become fairly sophisticatedas input data have been carefully scru-
tinized and experiments are conducted to validate models. Efforts
to model nonlinearitiessuch as damping and friction characteristics
have become more prevalent. Several examples of modeling gear
systems are given next.

In Ref. 33, an analysis of fatigue of light aircraft landing gear,
using random properties and surface pro� les, was developed. The
system was modeled as a linear, one-degree-of-freedom nonstation-
ary vibrating system referred to as a random parametric vibration
problemthat uses a recentlydevelopedrandommatrix method.Ref-
erence 34 is a follow-up to the work described in Ref. 33 with non-
stationary damping and random nonstationary loads included. The
random matrix method was shown to be better suited for this type of
problemthan a hybrid Monte Carlo technique.In Ref. 35, modeling
and parameter identi� cation of single-degree-of-freedom structural
systems are investigated. Experiments were conducted to measure
the free response of these structural systems, and the measurements
were used to formulate system models and parameters. Models in-
clude a linear, damped oscillator and a nonlinear shock strut with
and without friction forces. Results showed that it is possible to
model and identify a physical structure such as a damped oscillator
with damping effects.Comparisons between the response predicted
by the model and the response measured experimentally agreed for
the � rst few seconds of motion but then deteriorated in later stages.
This deteriorationwas due in part to ill conditioningof theequations,
even though experimental measurements were used to identify the
model parameters of the system. Models developed in Refs. 36–40
include the effects of linkage dynamics, damper mounting charac-
teristics, coulomb friction, nonlinear tire, air spring, oleo damping
forces, torsional free play, and spring-hardeningeffects of bending
and torsional stiffness.

An example of nonlinear modeling involved an A-6 Intruder
nose gear. The model included nonlinear effects in the pneumatic
air spring, stick-slip friction, velocity squared damping, geometry-
governed discharge coef� cients, and tire model. Analytical results
were in excellent agreement with test data that were acquired at
NASA Langley Research Center.41 In Ref. 42, linear and nonlin-
ear analysis methods are applied to investigate the shimmy of a
simple nose gear model. The nonlinear shimmy model consisted of
torsional dynamics of the gear, and the forces, moments, and lat-
eral elasticity of the tire using elastic string theory. Results showed
that the occurrence of shimmy increases with increasing velocity,
lower torsional damping, and increasingvertical force. The numer-
ical simulation results con� rmed the stability of the linear system
and provided additional information concerning the nonlinear re-
gions. Reference 43 is an example of a model that includes an error
feedback control law for antiskid braking simulation used in deter-
mining the effects of structural parameters on gear walk instability.
The effect of longitudinal stiffness of the tire, the vertical damping

of the tire, and the inclinationangleof the strut on gearwalk stability
were investigated.

There were also efforts to study and compare modeling tech-
niques. In Ref. 44 simulations and analyses of conventional oleo-
pneumatic landing gear during taxi and landing impact are devel-
oped. Simpli� cation of the model and the effect of certain element
omissions on the model � delity were pointed out. For example,
constant spring and damping coef� cients will not provide a realistic
simulation effect. The hydraulic force is a function of metering pin
and strut closure and, therefore, cannot be represented by a single
force closure rate. This curve is different for acceleration and de-
celeration phases. Reference 45 has a review of two landing gear
shimmy models demonstratingthe use of the Moreland tire model8;9

and the Von Schlippe-Dietrich5 tire model. The models were used
to perform a parametric study of the effect of numerical variation
of several input parameters on the stability of the gear. A compari-
son is made of the analytical results to experimental data showing
good agreement of the limit-cycle oscillation frequency.Both anal-
yses were considered to be successful in determining the stability
characteristics of landing gear. The results suggested that dynamic
modeling of the gear would signi� cantly improve the accuracy of
the analytical predictions.It was discoveredthat the spring stiffness
values were stability critical parameters and that, if the fuselage
� exibility effects are not taken into account, the measured values of
the stiffness parameters may be in error by as much as three times
the actual values.

General-purposecomputer programs were also being developed
to model complete landinggear systems. An example of this type of
modeling is described in Ref. 46, where the Dynamic Analysis and
Design System (DADS) program is used to model the response of
two types of landing gear on damaged and repaired runways during
landing, taxiing, and takeoff. Both the cantilevered and the articu-
lated models includednonlineareffects such as the hydraulicori� ce
damping, pneumatic air spring, bearing friction forces in the strut,
and a tire-load de� ection curve. These models could be used as
standalone gear on a runway surface or combined together to sim-
ulate an entire aircraft. The dynamic analysis and simulation show
results such as strut loads and stroke for different runway pro� les.
The plots indicate stick motion of the strut, and the animation capa-
bility in DADS gives an advantageous view of the response of the
gear rolling over a runway.

Finite Element Modeling

Finite element modeling has become a useful tool for studying
dynamic stability issues of landing gear. In Ref. 28 � nite element
modelingof the whirl and squealmodes of landinggear and braking
systems is described. Correlation between the analysis and various
system component tests, as well as the performanceof the complete
model and actual system during operation, is performed. Models
include landing gear, wheels, brakes, and tires. Design sensitivity
studies are also used to evaluate component changes during the
design process. A feasibility study of computing nonlinear � nite
element simulations of whirl and squeal dynamics is discussed in
Ref. 29. DYNA3D is an explicit � nite element code that uses the
central difference method to integrate the equations of motion in
time. The model includes the aircraft inertia and tire � exibility ef-
fects without adding extensive computationalexpense. Advantages
of using this method over more commonly used linear complex � -
nite element analysis are evident in the nonlinear transient analysis
capability, the ability to model nonlinear stiffness and damping ef-
fects of hydraulic � uid, modeling whirl and squeal instabilitieswith
negative damping, and provision for modeling a sliding interface.

Software Development

In Ref. 47 a library of components is used based on � nite element
methods that range from beams and springs to very speci� c land-
ing gear elements such as shock absorbers, actuators, � exible slid-
ers, and � exible wheel elements. Customization of elements is also
available through user-de� ned elements. Results presented include
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simulation of a drop test, taxiing on a repaired runway, tire burst
during rollout, and shimmy of a two-wheeled cantilever gear. In
Ref. 48, a very comprehensive landing gear model and simulation
software capability are developed that integrate landing gear and
braking systems with an aircraft for the purpose of parametric de-
sign. The software can be used during the conceptual design stage
or to evaluate proposed modi� cations for an existing con� guration.
All phases of aircraft landing gear dynamics have been included
to a fairly high level of detail, including takeoff, landing, steering,
and taxiing. Also, � exibility of the strut and bogie were modeled.
The software is composed of modules that correspond to different
subsystems or components so that a wide range of con� gurations
can be modeled from a single landing gear strut to a whole aircraft
with multiple gear. The software has the capability of modeling the
aircraft as a � exible body that may be important in con� gurations
that have more than two main gear across the fuselage. A � nite el-
ement model is used for the strut component of the gear. Because
the frequencies and mode shapes change as the gear is extended or
compressed,the model is evaluatedat severaldifferentpositionsand
interpolated in between. A modal-reduction routine is used for re-
moving unwanted modes to preserve the ef� ciency of the software.
The oleo, bogie, brakes and wheels, braking servo, steering actua-
tion, control systems, tires, and runway pro� le are also included in
the model. The software has been validated with test data, and an
example of a drop test is given in the paper.

Sensitivity Analysis and System Studies
With the development of more accurate models for analyzing

gear vibration problems, system sensitivity studies became feasible
and valuable in the design and evaluation of landing gear dynam-
ics. In Ref. 14 a sensitivity study is described of several service
variables on the dynamic stability of the F-101 and F-104 landing
gear systems. Among the studies are the effects of wear, manu-
facturing tolerances, and normal maintenance procedures on the
nominal gear. These studies were helpful in determining whether
optimum performance of the gear could be achieved by changing
the values of the nominal service variables. Also, it was important
to establish guidelines that stated whether any deviations in these
service variables from their nominal values would be detrimental
to the performance of the aircraft. Torsional free play of the F-104
gear was found to have the most profound effect on the stability of
the gear, particularly for fully extended operation. Tire unbalance
reduced the dynamic stability of the gear when adverse values of
other service variables were present, such as air in the steer-damp
unit or excessive torsional free play. For the F-101 gear, tire unbal-
ance was shown to have a severe effect on the stability. In Ref. 49
an analyticalmethod is described for determining the sensitivityof
variousparametersof the landinggearand the brakingsystemon the
landinggear dynamics during landing.The differentialequationsof
motion of an 11-degree-of-freedomsystem in generalized coordi-
nates are written by using Lagrange equations, which are solved
with variations of the parameters. During the design modi� cations
of the F-15 reported in Ref. 50, landing gear shimmy tests were
performed by using a dynamometer facility and prototype landing
gear. Several instances of shimmy were encountered during test-
ing, and the results indicated that shimmy speed was a function of
strut torsional free play. Nonlinear analyses showed the sensitivity
of shimmy speed to changes in tire parameter values and frictional
coef� cients.The sensitivityanalysisreportedin Ref. 51 showed that
forward speed, vertical velocity, pitch attitude, and damping coef-
� cients of the landing gear have the largest effect on the g loads at
touchdown.The nonlinearmodel describedin Ref. 38 varied system
parameters to study the dynamic behaviorof a dual wheel nose gear
system. The study includedparameters such as wheel span and cant
angle, mass of the torque arms and its relative position to the shock
strut, torque arm stiffness, damper stiffness, wheel size and mass,
and tire vertical and lateral stiffness.

Messier–Dowty has studied shimmy phenomena to improve the
prediction of the dynamic behavior of landing gear systems. See
Ref. 52, where several models have been developed with many
input parameters, particularly nonlinear parameters, and compar-

isons have been made to test data. Simulations show sensitivitiesof
shimmy stability to variations in these parameters and reinforce the
need for taking nonlinearitiesinto account.The effects of longitudi-
nal tire stiffness,vertical damping, and inclinationangle of the strut
on gear walk stability are investigated in Ref. 43. The analytical
model was developed to study the behavior of main landing gear
during taxi and braking.The model includesan error feedback con-
trol law for antiskid braking simulation. In Ref. 53, system studies
were performed for landing impact and taxi for three types of dual-
chamber shock struts to aid in the selectionprocesswhen designing
landing gear for different applications.The strut behavior was cal-
culated for the design energy conditions of a transport aircraft. No
validationof the equationsand resultswas performed.Reference54
has an exampleof a shockstrut model for an articulatedlandinggear
that was used for the purposeof comparingdifferent linkage system
con� gurations. Linkage mechanisms are important for achieving
mechanical advantagesand other improvements in weight, reduced
friction, and steering. The strut model included hydraulic damp-
ing and pneumatic spring forces, but seal and bearing friction were
neglected during landing conditions. The tire model was relatively
simple, with empirical coef� cients obtained from static testing.The
simulation also included aerodynamics, engine model, and ground
effects. In Ref. 55, a numerical procedure is developed to study the
advantagesand disadvantagesof decreasing the initial charge pres-
sure of the air–oil chamber in the strut. The analysis was performed
with and without the effects of the relaxation properties of the tire,
which in� uences the maximum load point in the lower part of the
strut but does not affect the upper part of strut or fuselage. The ad-
vantage of shortening the strut did not outweigh the disadvantage
of increasing the stiffness of the strut, both of which are caused by
soft � lling.

Testing and Validation
The literature was reviewed for examples of testing for veri� -

cation of analytical models, accurate parameter identi� cation for
input into analytical models, and determining the stability of gear
designs. In Ref. 56 analyticaland experimentalstudiesare described
of shimmy for the DASH 7 and DASH 8 aircraft to understandnose
gear shimmy and to aid in the developmentof analysis methods for
predictingshimmy. Shimmy occurredduring serviceof the DASH 7
nose gear and was predicted during the design of the DASH 8 main
gear. Aircraft ground testing of a DASH 7 nose gear investigated
variables such as free play in the scissors, effects of spinup tran-
sient oscillations,and time-delay steeringmechanism. The analysis
model used represents backlash, bearing friction, scissors stiffness
and free play, and fuselage torsional stiffness and free play. The fre-
quencies predicted were 20% higher than the values measured and
were attributed to mass and stiffnessmodeling inaccuracies.Effects
of free play and mass balance on stability were investigated. The
main landing gear of the DASH 8 was prone to shimmy because
of its long � exible design. Analytical results showed that increas-
ing torsional stiffness and side bending stiffness of the gear would
increase stability. Mechanical trail was increased to the maximum
to improve stability also. The DASH 7 nose landing gear shimmy
problem was contained at the expense of increased maintenance
cost, pilot workload, and in some cases airplane weight. In the case
of the DASH 8, all 400 airplanes in service are shimmy free, but at
the expenseof increased time and effort to establish the � nal design
with a weight penalty.

There are different approaches to testing landing gear, and large
differences still exist between dynamometer and airplane test re-
sults; therefore, test results can show discrepancies. For example,
in Refs. 57 and 58, two schools of thought concerning simulation
test methods for investigationof the stability of landing gear brake
vibration are discussed. In Ref. 57, the author states that it is possi-
ble to predict the dynamometer results with an analytical model of
the dynamometer test setup if the dynamics of the overhead rig are
included. However, the dynamometer tends to predict much more
stable behavior than the actual landing gear on the aircraft. The
lack of complete simulation of the torsional squeal modes inter-
action with the rest of the landing gear structure, and the lack of
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simulation of low-frequency modes can result in signi� cant differ-
ences between the stability of important modes in the laboratory,as
compared to the actual aircraft. Another large difference between
the dynamometer and the aircraft landing gear is the modal density
in the low-frequency range between 0 and 50 Hz. For the example
discussed in Ref. 57, the main landing gear had 15 modes in this
range whereas the simulator of the gear had only two. The lack of
simulation of the low-frequency modes of the landing gear system
can result in signi� cant differences between the stability of impor-
tant modes in the laboratory,as compared to the aircraft.The author
states that a simulator of this type can be used to predict airplane
performance only if it is used in conjunction with a detailed ana-
lytical model of the complete landing gear system. In Ref. 58, it
is perceived that only critical interactions between the gear and the
brake need to be present in the simulation of actual aircraft land-
ing gear for predicting brake vibration. Instead of the conventional
overhead rig dynamometer test described earlier, a simpli� ed tech-
nique is discussedthat enables the simulationof brake squealmodes
during testing without actual strut hardware.Because brake friction
acts only in the pitch plane of the landing gear system, it affects the
stability of the three pitch-plane modes of vibration, namely, brake
squeal, brake chatter, and gear walk. All other gear modes are un-
related to the objective of accurate simulation of landing gear brake
dynamics and are, therefore, disregarded to simplify the test pro-
cedure while preserving the system characteristics,as compared to
the actual landing gear system. The validity of this simulation tech-
nique has been shown through results obtained during a number of
subsequent on-aircraft tests.

In Ref. 59 there is a brief overview of a 1993 NASA test program
to study aircraft nose gear shimmy. The parameters were torsional
stiffness, torsionalfree play,wheel balancing,and worn parts. Steer-
able nose wheels were particularlysusceptibleto shimmy problems.
Test results of the shuttle nose landing gear, compared with that of
a steel dynamometer, showed little difference except in the case of
a simulated � at tire test. This test was shown to be signi� cant only
in the dynamometer data. Basically, vertical load had little effect
on maximum steering collar rotation, maximum axle acceleration,
and maximum wheel swivel acceleration for the shuttle nose gear
tests, which also con� rmed earlier dynamometer data that shimmy
did not appear to be a problem. In Ref. 60, methodology is de-
scribed to measure nose landing gear shimmy parameters by using
a T-46 static test article and static force-de�ection measurements.
The shimmy stiffness and torsional free-play parameters were then
input into a shimmy analysis that incorporated the Moreland8;9 tire
model. Stabilitywas predictedover a speed rangeof 20–140 kn.The
prediction was validated through taxi tests of the T-46. In Ref. 61,
a mathematical model was developed to analyze the stability of the
F-28 and other similar gear and then validated through ground vi-
bration tests and aircraft taxi tests. It was found that this gear was
basically unstable. An examination of the modes of the gear model
found that the torsional-yaw mode had negative damping for ve-
locities above 70 m/s at a 0.25-m vertical de� ection of the shock
absorber. A shimmy damper was included at the apex of the torque
links that proved to be stabilizing in the analysis, as well as in sub-
sequent � ight tests.Eventually, experimental testing in landinggear
systems and components was performed to determine critical input
parameters for improving analytical methods. Taxi tests of the air-
plane were not conducive to developmentalwork on the gear or for
broad investigationsof the effects of system parameters; therefore,
laboratory tests were the most cost-effective way to investigate the
stability of the gear.

Stability characteristics have been examined in the laboratory
over the complete range of speed, vertical load, and service param-
eter changes. In Ref. 62 several major differences between labora-
tory tests and airplanetests are examined.The mounting structureto
which the landing gear is attached affects the frequency and damp-
ing. The curvatureof the � ywheel surfaceaffects the rollingdynam-
ics of the tire, such as cornering power, relaxation length, and tire
lateral spring rate. The melted rubber on the � ywheel surface will
change the friction between the tire and the � ywheel surface, caus-
ing the gear to be more stable than on the actual aircraft. Landing

gear exhibit nonlinear characteristics, such as friction and damp-
ing, that are dependenton the level of excitation.Laboratory testing
usually involves gear in new condition that is nontypical of actual
landing gear systems. Because of these differences, the predictions
are carried out by an experimentally veri� ed analysis rather than
directly from laboratory test results. In Ref. 62, one such effort
is described to examine shimmy instability analytically during the
design stages and by experimental testing.The critical input param-
eters for the analytical study were � exibility coef� cients, damping
and steering characteristics,fuselage frequency response, frictional
torques, deadband values, and tire parameters that were determined
in laboratory tests. Correlation between the laboratory tests and the
analysis was very good. The complete landing gear was then tested
either in laboratory simulation or with taxi tests on the actual air-
plane.

Assessment and Recommendations for Future Work
Signi� cant improvementsin analyticalpredictionscan be made if

gear and tire parameters such as stiffness,damping, and friction are
known as functions of load on the gear or aircraft ground speed.63

Obtaining these parameters can be very labor intensive. Some land-
ing gear dynamicistsbelieve that there is a need for standardizedan-
alytical modeling capabilities that are comprehensive and accurate
but not cumbersome or computer intensive. These tools should be
versatile enough to handle different types of gear, as well as wheel/
tire con� gurations,and should be well maintainedand documented.
A databaseof predictionsof aircraftcontributionsto the gear param-
eters would eliminate the need for labor-intensivemeasurementson
the aircraft.The need for a betterunderstandingof dampingand fric-
tion in the gear still exists today. In Ref. 64 an overview is given of
the need for improvements in analytical modeling and testing. The
authors contend that simulation models can be used in parametric
studies to improve shimmy stability of gear designs; however, a to-
tal assessment of the system stability requires analyzing the entire
operating range of the aircraft and can be dif� cult to obtain in this
manner. In theopen literature,fewpublicationswere foundthatdealt
with model simulations having signi� cant impact on landing gear
design. Still, simulation can provide a less expensive alternative to
full-scaletesting.Test � ndings indicate that torsionalfree play tends
to destabilize the system, whereas friction forces have a stabilizing
effect. Separation of lateral and torsional frequencies through lat-
eral and torsional stiffness modi� cations, adding negative or large
positive mechanical trail, mass balance applied to the wheel axle,
steering systems, and shimmy dampers are all methods for improv-
ing shimmy stability according to the references cited. Worn parts,
tire wear, and tire in� ation also adversely affect shimmy stability.

Conclusions
To increase understanding of landing gear shimmy and brake-

induced vibration problems, a literature survey on landing gear dy-
namics was performed. The major focus was to summarize work
documented from the last 10 years to highlight the latest efforts in
solvingthese vibrationproblems.Older publicationsare includedto
understandthe longevityof theproblemand the � ndings fromearlier
researchers.The literaturesurveyrevealeda varietyof analyses,test-
ing, modeling,and simulationof aircraft landinggear.Experimental
validationand characterizationof shimmy and brake-inducedvibra-
tion of aircraftlandinggearwere also reported.This paperpresented
an overview of the problem documented in the references, together
with a historyof landinggear dynamicproblemsand their solutions.
The variousconclusionsand recommendationsthat aremade in each
of the referencesare based on the speci� c problemsaddressed in the
paper. There were many con� icting opinionsabout the best analyti-
cal solutionsand test methods to use, and the solutions are problem
dependent.There is no de� nitive answer to the problems of shimmy
and brake-inducedvibration, but the search for solutions still exists
as the knowledge base and expertise in these areas is increased and
as techniques are re� ned.
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