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ABSTRACT 

In this report shimmy stability is investigated with the use of simple linear analytical 
models. The nose landing gear of a helicopter which is being developed at  DAF Special 
Products is used as an example. 

Shimmy stability is mainly considersd to  be a function of the trail and the taxi speed of 
the airplane. i h e  string modei is used i o  model the tire. The vâíiâtions in the tire 
parameters have great influence upon the stability, therefore it is difficult t o  draw firm 
conclusions. To obtain stability a shimmy damper is required, except when a large trail 
is being used. The lateral and torsional stiffness of the landing gear beyond a certain 
value no longer have influence upon the shimmy stability. 

This report is meant as an introduction into the shimmy problem and as a start for 
further research. 



Symbols: 

yaw angle 
relaxation length 
swivel angle 
half tire footprint length 
coefficient of viscous damping 
cûriìering stifffiess of the tire 
static lateral stiffness of the tire 
aligning stiffness of the tire 
inner diameter of the sliding member 
outside diameter of the sliding member 
trail 
Young’s modules 
lateral force on the tire 
moment of inertia of the swiveling member about the swivel axis 
Inertia s!iding member 
coefficient of the lateral stiffness of the sliding member 
coefficient of the torsional stiffness of the torque links 
effective length of sliding member 
total mass of the swiveling part 
velocity of the landing gear in the global x direction 
global coordinate of movement 
lateral displacement 
global coordinate 
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1 .  INTRODUCTION 

"Shimmy" is a word used for a movement caused by self excitation of a mechanical 
system. The rnovernent can occur with ateerable wheels of any vehicle and with 
wheeia in which the fiexibility of the S Ü S ~ ~ X Ì S ~ G G  is Impcrtônt. The movement can be 

induced by an external excitation, for example by an unbalance in the wheel or 
roughness of the runway. The most striking example of this phenomenon is the 
vibration of one of the wheels of a shopping trolly. Under unfavourable circumstances 
shimmy can cause the failure of the construction. 

Certain aircraft landing gear configurations are highly sensitive to  shimmy. One of the 
problems in the design of aircraft landing gear systems is that of assuring that the 
system is dynamically stable from a shimmy standpoint. 
Iri this repo;: preliminary predictions about the stability of the shimmy movements of a 
typical nose landing gear will be drawn with the use of an analytical model. 

DAF Special Products has acquired a contract for developing the landing gear of a 
helicopter ("90). Therefore the charateristic nose landing gear of the land based 
version (TTH) is chosen as an application. 
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1.1 Historv 

Since the twenties much has been written about the shimmy phenomenon. The 
following is a summary of the researches made into shimmy. 

W.J. More!anc! [ I  01 analyses in his articie "The story of shimmy" i î  954) a mûdd with 
four degrees of freedom (d.o.f.1. 
A tire model is used to  relate lateral displacement and force and which also describes 
the transient behaviour of the yaw angle. The self aligning moment of the tire is not 
taken into account. 
The stability of the model is determined by the Hurwitz criterium. The conclusions 
which result from this are confirmed by model and full scale tests. 
Moreland underlines the influence of the moment of inertia of the wheel, lateral and 
torsional stiffness of the strut on the stability. Further, he emphasizes that increasing 
tne traii and damping bo not in aII cases have â stabilizing effect. 

H.B. Pacejka [ I  11 (1 966) describes in his thesis the transient tire behaviour with the so 
called string model. Pacejka studied the influence of non linear effects such as friction 
and clearance upon the shimmy behaviour. 
He emphasizes the influence of the different tire parameters upon the shimmy behavi- 
our. The Hurwitz criterium is used to  determine the stability. 

R.J.  Black [21 (1976) observes in his article that it is advisable to include the move- 
ments of the fuselage in the shimmy analysis. 

D.T. Grossman [8J (1980) demonstrates from an analysis and tests with a ï-15 nose 
landing gear that shimmy is strongly dependent on the torsional freeplay in the landing 
gear. Parameter variations further demonstrate that the yaw coefficient of the tire and 

the friction in the damper, which is dependent on the vertical load, have a large 
influence on the shimmy phenomenon. 
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In the report [31, “Dynamic analysis of a Fokker 100 main landing gear, the authors 
point out the large influence of the cornering stiffness of the tire. In this report the 
equations for a model with a finite number degrees of freedom are obtained by using a 
special form of the powerful Lagrangian formalism. In this model the tire is modelled 
with the Pacejka string model. 

Zn the above mentioned articles the analytical models are supported by model and/or 
fii!! §cal9 tests. 
These articles are just an selection of many articles written about the shimmy pheno- 
menon. This selection shows that many factors can affect shimmy stability of an 
aircraft landing gear. 
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2. ANALYTICAL MODEL 

2.1 Introduction 

The "90 nose landing gear is a typical cantilevered landing gear airrangemefit (see 

figure 2.1 j. it consists of two wheels which car: rotate abcut the ôx!e. The axle ia fixed 
to  the sliding member by the axle fitting. The lower part (wheels, axle, sliding member, 
torque links) can freely swivel about the vertical strut axis. The main fitting is fixed to  
the fuselage. 

' wheels 

Figure 2.1 "90 nose landing gear TITI version 

In this chapter a simple dynamic model for the free swiveling nose gear of the "90 
will be set up step-by-step: 
- The first model consists of one degree of freedom (d.o.f.1. This model neglects 

the lateral, vertical and torsional stiffness of the landing gear. The model is 
used to  investigate the influence of the torsional damping. 
The second model consists of two d.0.f. It is extended to  include the lateral 
stiffness of the gear. 
The third model consists of three d.0.f. It is extended to  include the torsional 

stiffness of the gear. 

- 
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2.2. Tire model 

The shimmy phenomenon is largely influenced by the behaviour of the tire. Therefore it 
is important to model this tire well. in reference I51 it is stated that the "string model" 
is very useful for makirìg a shimmy analysis. 
In this report the string model as described by H.B. Pecejka [ I  1 1  is used. This string 
model describes the transient behaviour of a tire in the horizontai plane. A linear diffe- 
rentiai equation is used to  describe the stíinci model. This quatior! relôtes the yaw 

angle (a) and the swivel angle (6). 

String equation: 

a& +. va + 3 +  ae - ve = O  

This model is common to  all dynamic models of the landing gear investigated. 
Appendix A gives a more detailed description of the string model and the parameters 
used. 

2.3 Influence rotational dampinq 

Figure 2.2 shows the simple model for the description of the movements of a nose 
gear. 
The following effects are to  be considered: 

- freedom of motion in 6 direction 
- damping in 6 direction 
- reaction force and moment on the tire, respectively F, and M, 
- drift phenomenon of the tire (a) due to  lateral elastic deformation and the 

(B,) 

forward rolling of the tire. 
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Figwe 2.2 Shimmy model I d.0.J 

The following assumptions are made: 
- only small displacements about the equilibrium position 

- the two tires are modelled as one string tire model 

- the velocity (v) in x-direction is constant 
- the total mass (m) of the swiveling part is 

- the sliding member is rigid 
- gyroscopic effects due to wheel rotating are not taken 

are considered 

which is located at the midpoint of the axle 

concentrated at the axis of the axle (m = 40 kg) 

into account. 

This model neglects the lateral, vertical and torsional stiffness of the landing gear. 
The linearised differential equations are obtained by using the Lagrange formalism. 

with: F, = c,, * 0 
Mz = -Cm. a 

I = the moment of Inertia about the swivel axis 
(I = 1.01 kgm'). 

- 6 -  



For a complete review of the employed symbols refer t o  the list of symbols. The 
numbers between brackets are the defined values for the "90 nose landing gear. 
Together with formula 2.1 we get the following set of mixed differential equations: 

a& + va + ? +  a6 - v b  = u (2.1) 

with y = -e 8 

Stability of these equations, representing an autonomous system, is determined by 
calculating the eigenvalues with the use of a computerprogram; MATLAB. 
The stability is mainly cosidered to  be a function of the trail (e) and the taxi velocities 
(v) of the airplane. The stability is determined for different velocities with different 
values of the trail. In this way stability of the system can be visualized in the (e,v) 
parameter plane. 

Figure 2.3 shows the influence of the damping in the (e,v) parameter plane. It can be 
seen that if the rotational damping increases the area of instability becomes smaller. 

id. tors. damping - Br=50 - Br=75 -. Br=lûO .. Br= 125 [Nms/rad] 
0.3 

Br = 0.0 Nms/rad stabie 

velocity [ m/s ] 

Unstable areas in the (e,v) parameter plane Figure 2.3 
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2.4 Influence of the lateral stiffness 

The model as shown in paragraph 2.3 is extended to  include the lateral stiffness of the 
nose gear (see figure 2.4). 

! f x  

;-I 
l a l  

Shimmy model 2 d.0.j Figure 2.4 

Using this model we get the following set of mixed linear differential equations: 

my + d e + y K ,  + C f a a  = O  (2-4) 

18 + B,e - eK,y + Cmaa = O 

Tire model: 

with: y = -y - 8 e 

It is assumed that the lateral stiffness of the nose gear is mainly determined by the 
lateral stiffness of the sliding member. The angular displacements due to  lateral 
displacements are neglected. This means that no vertical displacement due t o  lateral 
stiffness is working on the wheels. See figure 2.5. 
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main íiKing ( rigid ) 

Y' I 

l L  
di 

,- o 
A - A  

Figure 2.5 Lateral flexibility sliding member 

Determination lateral stiffness: 

3 EI, k, = - 
L3 

( =  30.3- 10' N/m) 

with: E : Young's modules = 200000 N/mm2 

4 
d, 
do 
L 

: Inertia = n/64 (d", - d4,) 
: outside diameter sliding member (88.772 mm) 
: inner diameter sliding member (82.37 mm) 
: length sliding member; taken the stroke of the 

shock absorber into account (250 mm). 

Lateral stiffness is dependent on the stroke of the shock absorber. In this model lateral 
stiffness is assumed to  be a constant value. 
Figure 2.6 shows the influence of the lateral stiffness in the (e,v) parameter plane with 
constant rotational damping. This figure also shows that increasing the lateral stiffness 
beyond a certain value no longer has an influence on the stability area. A t  infinite 
stiffness, this model simplifies to the 1 d.0.f. model of paragraph 2.3. 
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influence lateral stiffness - Kl=le5 - Kl=le6 -. Kl=3e7 .. Kl=le9 
0.2, 

unstable 

stable 

,__- 

0.02 - 

O 5 10 15 20 25 

Figure 2.6 

velocity [ m í s ]  

Unstable areas in the (e,v) parameter plane 
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2.5 Influence of the torsional stiffness 

Starting point is the same model as is used in paragraph 2.4. 
Including torsional stiffness of the sliding member and torque links in this model gives 
an additional degree of freedom (e,). The torsional stiffness between the shimmy 
damper and the axle is determined by the torsional stiffness of the torque links. 'The 
value of the stiffness is obtained by using FEM calculations and is estimated at: 

k, = 138000 Nrnhad. Using this model we get the following set ~f mixed differential 
equaths.  

m y  + meû + ~ , y  + cfaa = O 

Tire model: 

with: 7 = -y - e 8 

The influence of the torsional stiffness on the stability is shown in figure 2.7. This 
figure also shows that increasing the torsional stiffness beyond a certain value no 
longer has an influence on the stability area. 

- 1 1  - 
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- \________. 0.18 - ,____, 

- 

- .__- 
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- 

0.1 - - - .I 
- js 0.08 - I 
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a =  303etí"i/m - 
,_-- 

I 
0.06 - 

0.04 - unstable ,__- 

,_______, - 0.02 - 

Figure 2.7 Unstable areas in thet (e,v) parameter plane 

0.25 

0.2 - 
E 

Figure 2.8 shows the iniiuence of rotationai damping foï the mode! with 3 d.o.f.. One 
can see that, in case of the "90 model, addition of the lateral and torsional stiffness 
has no impact on the stability areas. (Compare figure 2.3 and 2.8.) 

- 

-_----. '. _I_ 
----------------. 

,/' 

'. . .___ '. 
/---- '. ._-___., - 

,' 
_/' 

/' 

infl. rot. damping -- Br=50 - Br=75 -. Br=100 .. Br=125 [Nmshad] 

0.05 

stable 
0.3 

Br = 0.0 Nmshad 

Kr = 1.38e5 N d m d  

Cf =3.5e4 N/rad ,,1---'' 

- KI = 3.03e7 N/m 

,___. 
unstable 

_____-, 

Figure 2.8 Unstable areas in the (e,v) parameter plane 
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Passive steering is one of the requirements for the "90 TTH helicopter. To obtain 
passive steering with the use of tail rotor trust a trail of 0.0762 m. is needed. Figure 
2.9 shows rotational damping needed to obtain stability. Calculations are made 
assumed constant rotational and translational stiffness. 
i h i s  figure also shows the influence of the cornering stiffness (CJ of the tire. 

'-. Kr = 1.3&5 Ndrad 1 
250 

- 
4 200- 

2 

f 100- 

z 
150- 

M 
fi .- 

a 

50 

- 

- 

L I 

velocity [ ds 1 

Figure 2.9 Unstable areas in the (Br,v) parameter plane 

KI = 3.03e7 N/rn 
e (trail) = 0.0762 rn 

- 

stable 
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3. CONCLUSIONS 

The main issue in the shimmy analysis is how far the model really describes the 
behaviour of the real system. In the absence of test data it is not possible to  make any 
statements about this, so we cannot draw firm conclusions. Trends and parameter 

studies however can be investigated in this way. 

The model used in this report certainly contributes to  a better understanding of the 
shimmy phenomenon. The presentations are very useful to determine the sensitivity to 
the different influencing parameters. 

- Tire 
The different tire parameters have a large influence on the stability. To make 
quantitative statements about damping and stiffness it is necessary to  have reliable 
data for the tire. This is not available, so only qualitative conclusions can be drawn. 

DamDinq 
The minimum trail of 0.0762 m (required for passive steering) for the "90 does not 
assure shimmy stability. Therefore a shimmy damper is required. If no shimmy damping 
is used a minimum trail of 0.275 m would be required, keeping in mind the restrictions 

mentioned above. 

Stiffness 
Increasing both the lateral and torsional stiffness beyond a certain value, no longer has 
an influence on the stability area. From a shimmy stability point of view it is possible to 
optimize the stiffness which results in weight reduction. This could partly compensate 
weight growth caused by the shimmy damper. 
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4. RECOMMENDATIONS 

Li te rat ure su rve Y 

Much has been written about the shimmy phenomenon. A more extensive literature 
survey would be useful. 

Extension of the model 
The modei can be extended with: 
- addition of a vertical d.0.f. 
- addition of angular displacements about the horizontal strut axis 
- addition of gyroscopic effects. 

Non-linearities 
In this report linear models are used to  investigate the shimmy phenomenon. A more 
realistic model has to take non-linearities into account such as: 
- non-linear damping of the shimmy damper. Damping can be provided by a friction or 

hydraulic damper (for which the damping force Is dependent on veiocity squareai 
- torsional friction in the bearing of the shock strut which depends upon the pressure 

and vertical load in the shock strut 
- the strut torsional clearance 
- large displacements which cause geometric non-linearities. 

Solving the stability problems of such non-linear systems requires other solution 
methods ícf. Fey $71). 

Please note however, Non-linearities can cause the change of an initial unstable solution 
into a stable limit cycle, linear computations only predict the initialisation of shimmy. 

Tire 
The tire plays a very dominant part in the shimmy analysis therefore a more profound 
study is necessary. The tire model can be extended to  include : 
- influence of the tire footprint w:dth 
- gyroscopic effects due t o  elastic deformation of the tire 
- non linearities due to  large displacements and partial sliding of the tire. 
However, extension of the tire model has only limited use for study purposes, if reliable 
data for the tire is not available. u 
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Freauencv analvsis 
Serious problems can occur when excitation frequencies are in the range of the natural 
frequencies and the shimmy damping is not sufficient. These excitation frequencies can 
be induced for example by the rolling of an unbalanced wheels, uneven runways or the 
main rotor of the helicopter. 

Tests 
whenever prototypes are avaiiaiiie, Íabuïaiûí); tests üsüaly are c~nducted to c h w k  the 
analytical model. A final verification of the design can be done by airplane tests. 

. - .. 
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APPENDIX A 

Strina model 

The string model (cf. Pacejka [101,[121) describes the transient behaviour of a tire in 
the horizontal plane. Figure A.l shows the string model in the horizontal plane. 

I I 

I 

Figure A. 1 Top-view of the string model and its position with respect to the fid frame 

The string model emanates from the following assumptions: 
- small deflections are considered 
- no skidding occurs in the contact plane 
- the tire has no mass. 
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Determination of the tire parameters. 

The different tire parameters have the following relations: 

aa(a + a) + a3/3  
(o+a) 

'ma = 'fa 

So the determination of the tire parameters is restricted to: 

Cfu : cornering stiffness 
C, : static lateral stiffness 
a : half the foot piint length 

These tire parameters are dependent on the vertical load and the tire inflation pressure. 
For the "90 predictions of the static lateral stiffness and the foot print length exists. 
For the shimmy analysis these two  items of data estimated at: 

C, = I30000 N/m 
a = 0.108 m. 

A t  this moment no values are known for Cfo, therefore we use formula (AZ) for the 
determination of C,. 

Assuming a I o I 3a, C,, reads : 

28000 Nm/rad I C,, I 56000 Nm/rad. 

C,, = 35000 Nm/rad (o = 1.5 a) is used as the nominal value for C,,. 
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