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Relativistic Elasticity & the Universal Equation of Elasticity for 
Next Generation Aircrafts & Spacecrafts  

By  E.G. Ladopoulos 
Interpaper Research Organization 8, Dimaki Str. Athens, Greece  

Abstract - The theory of “Relativistic Elasticity” is proposed for the design of the new generation large 
aircrafts with turbojet engines and speeds in the range of 50,000 km/h. This theory shows that there is a 
considerable difference between the absolute stress tensor and the stress tensor of the moving frame 
even in the range of speeds of 50,000 km/h. For bigger speeds like c/3, c/2 or 3c/4 (c=speed of light), the 
difference between the two stress tensors is very much increased. Therefore, for the next generation 
spacecrafts with very high speeds, then the relative stress tensor will be very much different than the 
absolute stress tensor. Furthermore, for velocities near the speed of light, the values of the relative stress 
tensor are very much bigger than the corresponding values of the absolute stress tensor. The proposed 
theory of “Relativistic Elasticity” is a combination between the theories of "Classical Elasticity" and "Special 

Relativity" and results to the “Universal Equation of Elasticity”. For the structural design of the new 
generation aircrafts and spacecrafts the stress tensor of the airframe will be used in combination to the 
singular integral equations method. Such a stress tensor is reduced to the solution of a multidimensional 

singular integral equation and for its numerical evaluation will be used the Singular Integral Operators 
Method (S.I.O.M.). 

Keywords  :  Relativistic Elasticity, Aircrafts, Spacecrafts, Relative Stress Tensor, Absolute Stress Tensor, 
Stationary and Moving Frames, Energy-Momentum Tensor, Multidimensional Singular Integral Equations, 
Singular Integral Operators Method (S.I.O.M.), Universal Equation of Elasticity. 
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Relativistic Elasticity & the Universal Equation of 
Elasticity for Next Generation Aircrafts & 

Spacecrafts
E.G. Ladopoulos

AAbstract - The theory of “Relativistic Elasticity” is proposed for 
the design of the new generation large aircrafts with turbojet 
engines and speeds in the range of 50,000 km/h. This theory 
shows that there is a considerable difference between the 
absolute stress tensor and the stress tensor of the moving 
frame even in the range of speeds of 50,000 km/h. For bigger 
speeds like c/3, c/2 or 3c/4 (c=speed of light), the difference 
between the two stress tensors is very much increased. 
Therefore, for the next generation spacecrafts with very high 
speeds, then the relative stress tensor will be very much 
different than the absolute stress tensor.       

Furthermore, for velocities near the speed of light, the 
values of the relative stress tensor are very much bigger than 
the corresponding values of the absolute stress tensor. The 
proposed theory of “Relativistic Elasticity” is a combination 
between the theories of "Classical Elasticity" and "Special 
Relativity" and results to the “Universal Equation of Elasticity”. 
For the structural design of the new generation aircrafts and 
spacecrafts the stress tensor of the airframe will be used in 
combination to the singular integral equations method. Such a 
stress tensor is reduced to the solution of a multidimensional 
singular integral equation and for its numerical evaluation will 
be used the Singular Integral Operators Method (S.I.O.M.).
Keyword and Phrases : Relativistic Elasticity, Aircrafts, 
Spacecrafts, Relative Stress Tensor, Absolute Stress 
Tensor, Stationary and Moving Frames, Energy-
Momentum Tensor, Multidimensional Singular Integral 
Equations, Singular Integral Operators Method 
(S.I.O.M.), Universal Equation of Elasticity.

I. FUTURE APPLICATIONS OF AIRCRAFTS 

AND SPACECRAFTS DESIGN

he possibilities of turbomachines applied in 
aircrafts have been very much increased because 
of the big evolution of the jet engines and the high 

performance axial – flow compressor. The concern for 
very light weight in the aircraft propulsion application,
and the desire to achieve the highest possible isentropic 
efficiency by minimizing parasitic losses, led inevitably 
speed operation. The increasing evolution of 
aeroelasticity in aircraft turbomachines to axial-flow 
compressors with cantilever airfoils of high aspect ratio. 
Also,   the  turbojet   engines  were  found  to  experience

Author : Interpaper Research Organization 8, Dimaki Str. Athens, GR -
106 72, Greece.

severe vibration of the rotor blades at part Continues to 

be under active investigation, driven by the needs of 
aircraft powerplant and turbine designers.

The target of international Aeronautical 
Industries is therefore to achieve a competitive 
technological advantage in certain strategic areas of 
new and rapidly developing advanced technologies, by 
which in the longer terms, can be achieved increased 
market share. This considerably big market share 
includes the design of a new generation large aircraft 
with speeds even in the range of 50,000 km/h. The 
application of new generation turbojet engines makes 
possible the design of such type of large aircrafts and 
therefore there is a need of elastic stress analysis for the 
construction of the total parts of such type of new 
generation aircrafts.

Furthermore, the target of the International 
Space Agencies (ESA, NASA, etc.) is to achieve in the 
future, next generation spacecrafts moving with very 
high speeds, even approaching the speed of light. In 
such cases the relative stress tensor will be much 
different than the absolute stress tensor and so special 
material will be used for the construction of such 
spacecrafts. The type of the proper material for the 
construction of the next generation spacecrafts is under 
investigation and will be very much different than the 
usual composite materials.

In the present investigation it will be shown that 
there is a difference between the absolute stress tensor 
and the stress tensor of the airframe even in the range of 
speeds of 50,000 km/h. On the other hand, for bigger 
speeds the difference of the two stress tensors is very 
much increased. Thus, for bigger velocities like c/3, c/2 
or 3c/4 (c=speed of light) the relative stress tensor is 
very much different than the absolute one, while for 
velocities near the speed of light the values of the 
relative stress tensor are much bigger than the 
corresponding values of the absolute stress tensor. The 
study of the connection between the stress tensors of 
the absolute frame and the airframe is included in the 
theory proposed by E.G.Ladopoulos [30] - [32] under 
the term “Relativistic Elasticity” and the final formula 
which results from the above theory is called the 
“Universal Equation of Elasticity”. Hence, in the present 
study the theory of “Relativistic Elasticity” will be applied 
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for the elastic stress analysis design of the next 
generation aircrafts and spacecrafts.



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Beyond the above, E.G.Ladopoulos [1]-[16] 
and E.G.Ladopoulos et al. [17]-[22] proposed several 
linear singular integral equation methods applied to 
elasticity, plasticity and fracture mechanics applications. 
In the above studies the Singular Integral Operators 
Method (S.I.O.M.) is investigated for the numerical 
evaluation of the multidimensional singular integral 
equations in which is reduced the stress tensor analysis 
of the linear elastic or plastic theory. Also, the theory of 
linear singular integral equations was extended to non-
linear singular integral equations, too. [23]-[29]. The 
theory of “Relativistic Elasticity” will be applied to the 
design of the elastic stress analysis for the airframes. 
“Relativistic Elasticity” is derived as a generalization of 
the classical theory of elastic stress analysis for 
stationary frames. For future aerospace applications the 
difference between the relative and the absolute stress 
tensors will be of increasing interest. Furthermore, the 
classical theory of elastic stress analysis began to be 
analyzed in the early nineteenth century and was further 
developed in the twentieth century. In the past were 
written several important monographs on the classical 
theory of elasticity. [33]- [52}. 

On the other hand, during the past years 
special attention has been concentrated on the 
theoretical aspects of the special theory of relativity. 
Hence, some classical monographs were written, 
dealing with the theoretical foundations and 
investigations of the special and the general theory of 
relativity. [53]–[60].Furthermore, a very important point 
which will be shown in the present research is that the 
"relative stress tensor is not symmetrical", while, as it is 
well known, the "absolute stress tensor is symmetrical". 
This difference is very important for the design of the 
next generation aircrafts and spacecerafts of very high 
speeds. Thus, the foundations of the theory of 
“Relativistic Elasticity” for airstructures lead to a general 
theory, in which no restriction is made with regard to the 
relative motion. This general theory is further reduced to 
one class of relative motion, uniform in direction and 
velocity.         

II. RELATIVE STRESS TENSOR 

FORMULATION FOR AIRFRAMES

The state of stress at a point in the stationary 
frame S0, is defined by the following symmetrical stress 
tensor: (Fig.1).
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(2.1)

Where:      0
23

0
32

0
13

0
31

0
12

0
21 ,,              

                  

(2.2)

Consider an infinitesimal face element df with a 
directed normal, defined by a unit vector n, at definite 
point p in the three-space of a Lorenz system. The 
matter on either side of this face element experiences a 
force which is proportional to df.
              Thus, the force is valid as:

                                  fd)()(d nn       

                             

(2.3)

The components  i(n)  of  (n)  are linear 
functions of the components  nk of  n:

    3,2,1,,)( kinkiki n                                 (2.4)

Where ik is the elastic stress tensor, which can 
be also called the relative stress tensor, in contrast to 

the space part 0
ik of the total energy-momentum 

tensor   Tik,   referred as the absolute stress tensor. [53], 
[54} (Fig. 2).

The connection between the absolute and 
relative stress tensors is:

                                         

                  

3,2,1,,0 kiug kiikik                               (2.5)

where gi are the components of the 
momentum density  g  and  uk  the components of the 
velocity u  of the matter.

Furthermore, the connection between g and the 
energy flux s, is valid as:

2csg                                                                  (2.6)

in which c denotes the speed of light (= 
300.000 km/sec).

The total work done per unit time by elastic 
forces on the matter inside the closed surface f is equal 
to:

                  

3,2,1,,d
)(

dd)( ki
x

u
funfW

k

iki

f
ikik

f

un

(2.7)

Where the integration in the last integral is 
extended over the interior of the surface f.

Hence, the work done on an infinitesimal piece 
of matter of volume   is valid as:

                                           
       

           

© 2012  Global Journals Inc.  (US)
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k

iki

x
u

W
)(

                                     (2.8)

Moreover, (2.8) must be equal to the increase 
per unit time of the energy inside :

   Wh
t

)(
d
d

                                              (2.9)

where h is the total energy density, including the 
elastic energy and denotes the substantial time 
derivative.



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                                                              
Eq. (2.9) is valid as:

                                                                                
  

)()(
d
d

k
kk

k
k

k

hu
xt

h
x
u

hu
x
h

t
h

h
t

(2.10)

which leads to the relation:

0)( ikik
k

uhu
xt

h
                               (2.11)

So, the total energy flow is valid as:

                                                                                                              )(uhus                                                     (2.12)

Where )(u is a space vector with 

components ikik u)(u .

Hence, the total momentum density can be 
written as:

22

)(
cc

uusg                                           (2.13)

Where 2ch is the total mass density, 
including the mass of the elastic energy.
From (2.5) and (2.13) one obtains:

                                   

ikkikiik ugug 0/](([ 2cuu ikki uu                       (2.14)

which shows that the relative stress tensor is not 
symmetrical, in contrast to the absolute stress tensor 
(2.1) which is symmetrical.

In the stationary frame S0 the velocity 00u
and hence, from (2.5), (2.12) and (2.13) one obtains the 
following expressions:

)3,2,1,(00 kikikiikik
                   (2.15)

Beyond the above, the mechanical energy-
momentum tensor satisfies the following relation:

                                                                                                               ikik UhUT 0                                                     (2.16)

where Ui  is the four-velocity of the matter, in the 

Lorentz system and ),0,0,0(0 icU i .

Thus, the following scalar can be formed:

                                                                )( 1
00

44
20002 xhTcUTUcUTU kikikiki      (2.17)

With )( 1
0 xh the invariant rest energy density 

considered as a scalar function of the coordinates (xi) (i
= 1,2,3)   in  S.  (Fig. 2)

By applying further the tensor:
2cUU kiikik                    (2.18)

which satisfies the relations:

0kikiki UU                       (2.19)

then, we can form the following symmetrical tensor:

kimkmiik STS 11                  (2.20)

which is orthogonal to  Ui:

0kikiki USSU                     (2.21)

By combining eqs. (2.16), (2.17) and (2.20) we
obtain:

20 cUUhTS kiikik           (2.22)

Furthermore, in the stationary system S0 one has:

0, 0
4

0
4

00
iiikikik SSS             (2.23)

Eq. (2.22) may also be written as:

ikikik ST                    (2.24)

where:
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kikiik UUcUUh 020           (2.25)

is the kinetic energy-momentum tensor for an elastic 
body and:

200 ch                   (2.26)

is the proper mass density.
Also, let us introduce in every system S the

quantity:

44 UUSS kiikik            (2.27)

which, on account of (2.24) and (2.25) is valid 
as:

44 UUTT kiikik            (2.28)

From (2.1) and (2.2) the three-tensor:

ikikikS 00

in the stationary system is a real symmetrical matrix. The 

corresponding normalized eigenvectors )(0 jh satisfy the 
orthonormality relations:



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

jej 0)(0)( hh                   (2.29a)
and:

)3,2,1,(0)(0)( jhh ik
j

k
j

i           (2.29b)

The eigenvalues 0
)( jp , the principal stresses, are 

the three roots of the following algebraic equation, 
where   is the unknown:

000
ikikikikS           (2.30)

The matrix 0
ikS may also be written in terms of 

the eigenvalues and eigenvectors as:

0)(0)(0
)(

00 j
k

j
ijikik hhpS            (2.31)

From eqs. (2.23) and (2.31) one obtains the following 

form of the stress four-tensor in So:
0)(0)(0

)(
0 j

k
j

ijik hhpS            (2.32)

Hence, in any system  S we have

)()(0
)(

j
k

j
ijik hhpS                  (2.33)

From (2.24), (2.25), (2.27) and (2.33) we obtain 
the following expressions

)()(0
)(

0 j
k

j
ijkiik hhpUUT         (2.34)

                  

cuihhhpUUSS k
jj

k
j

kjkiikik
)(

4
)()(0

)(44

        
(2.35)

By putting:

),( )(
4

)()( jjj
i hh h                    (2.36)

and introducing the notation ba for the direct product 
of the vectors  a  and  bb,  we may write (2.35) for the 
relative stress tensor    as:                      

                  

3,2,1,)( )()(
4

)()(0
)( jh

c
i

p jjjj
j uhhh

(2.37)

Beyond the above, the triad vectors )( j
ih satisfy 

the tensor relations:

j
i

j
i hh )()(

                                                       (2.38)

ik
j

k
j

i hh )()(
                                                        (2.39)

20)(0)()( )1)(( ujjj huuhh

cih jj 0)()(
4 hu

with:                      
2122 )1(1 cu                 (2.41)

From (2.34) and (2.40) with i = k = 4 we obtain:

2220)(0
)(

2
4

0
44 )( cpUTh j

j hu   (2.42)

In the stationary system, (2.37) reduces to:                          

0)(0)(0
)(

0 jj
jp hh               (2.43)

Thus, from (2.42) we obtain the following 
transformation law for the energy density:
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with  ik  given by (2.18).

If the stationary system S0 for every event point 
is chosen in such a way that the spatial axes in S0 and in 
S have the same orientation, one obtains:

22

200

1 cu
ch

h
uu

                                                                    (2.44)

kiki uu 00 uu

and the mass density:

22

400

1 cu
cuu

         (2.45)

From (2.40) and (2.34) with k = 4, one obtains 
the momentum density g with the components 

icTg ii 4 :                                                  
20222100 )()1( ccuh uuuug

(2.46)
Also, from (2.40) and (2.35) we obtain the 

relative stress tensor:

20200 )1()(/)1)(( uu uuuu
(2.47)

420 )1())(( uuuuu

In the special case  u = (u,0,0),  where the 
notation of the matter at the point considered is parallel 
to the x1-axis (see Figs.1 and 2), the transformation 
equations (2.44), (2.46) and (2.47) reduce to:

20
112

2
0

c
u

hh

u
c

g x 2

0
1102

1 (2.48)



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                                                     

               

                                                                                 

u
c

g x 2

0
21

2

u
c

g x 2

0
31

3

and the relative stress tensor:

0
33

0
32

0
31

0
23

0
22

0
21

0
13

0
12

0
11

333231

232221

131211

1

1
(2.49)

where   is given by (2.41). Finally, as it could 
be easily seen the relative stress tensor is not 
symmetrical, in contrast to the absolute stress tensor 
which is symmetrical.

III. ELASTIC STRESS ANALYSIS FOR 

STATIONARY FRAMES AND AIRFRAMES

Let us consider the stationary frame of Fig. 1 
with 1 the portion of the boundary of the body on which 
displacements are presented, 2 the surface of the body 
on which the force tractions are employed and the 
total surface of the body equal to 1+ 2.

For the principal of virtual displacements, for 
linear elastic problems then the following formula is 
valid: 

2

d)(d)( 0
, kkkkkjjk uppub        (3.1)

Where uk are the virtual displacements, which 

satisfy the homogeneous boundary conditions 0ku   
on  1, bk  the body forces (Fig. 1) and pk the surface 
tractions at the point  k of the body. (Fig. 3)

Beyond the above, (3.1) takes the following 
form if uk do not satisfy the previous conditions on 1:

                     

                  

12

d)(d)(d)( 0
, kkkkkkkkjjk puuuppub

                               (3.2)

where 0
jkjk np are the surface tractions corresponding to the uk  system. By integrating (3.2) follows:

112

d)(dddd 0
kkkkkkkjkjkkk puuupupub

                                       
(3.3)

in which jk are the strains.
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By a second integration (3.3) reduces to:
                                        

2112

dddd

dd 0
,

kkkkkkkk

kjjkkk

pupuupup

uub
(3.4)

Furthermore, a fundamental solution should be 
found, satisfying the equilibrium equations, of the 
following type:

00
,

i
ljjk                            (3.5)

Where i
l is the Dirac delta function which 

represents a unit load at i  in the l  direction.
The fundamental solution for a three-

dimensional isotropic body is: [31]

kl
lklk x

r
x
r

v
rvG

u )43(
)1(16

1*

kl
lklk x

r
x
r

v
n
r

rv
p 3)21(

)1(8
1

2
*

                                                                                    (3.6)

l
k

k
l

n
x
r

n
x
r

v)21(

where  G  is the shear modulus,  v  Poisson’s 
ratio,  n  the normal to the surface of the body, lk
Kronecker’s delta,  r  the distance from the point of 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     

application of the load to the point under consideration 
and nj  the direction cosines (Fig.3).

The displacements at a point are given by the 
formula:

ddd bupuupu i                   (3.7)

Hence, (3.7) takes the following form for the “l” 
component:

                                                                     

ddd lkkklkklk
i
l ubuppuu      (3.8)

By differentiating  u  at the internal points, one 
obtains the stress-tensor for an isotropic medium:
     

i

j

j

i

l

l
ijij x

u

x
u

G
x
u

v
Gv

21
20                (3.9)

Also, after carrying out the differentiation we have:

d
21

20
k

i

jk

j

ik

l

lk
ijij p

x

u

x
u

G
x
u

v
Gv

d
21

2
k

i

jk

j

ik

l

lk
ij b

x

u

x
u

G
x
u

v
Gv

(3.10)

d
21

2
k

i

jk

j

ik

l

lk
ij u

x

p

x
p

G
x
p

v
Gv

Eq. (3.10) can be further written as following:
              

ddd0
kkijkkijkkijij bDuSpD

(3.11)

Where the third order tensor components Dkij 
and Skij are:

                  

kjikijikjjkikij rrrrrrv
rv

D ...,,,2 3)21(
)1(8

1

(3.12)

kjiijkjikkijkij rrrrrvrv
n
r

rv
G

S ,,,,,,3 5)()21(3
)1(4

(3.13)

ijkjkiikjjikkijkji nvnnrrnvrrnrrnv )41()3)(21()(3 ,,,,,,

whith:
i

i x
r

r,    

Finally, because of eqs (2.49) and (3.11) by 
considering the moving system  S  of Fig. 2, then the 
stress-tensor reduces to the following form:
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0
1111

0
1212

0
1313

0
2121

1

0
2222

(3.14)

0
2323

0
3131

1

0
3232

0
3333

Where  0
ij   are given by. (3.11) to (3.13).

The following Table 1 shows the values of    as 
given by (2.41) for some arbitrary values of the velocity  
u  of the moving aerospace structure:



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1
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Velocity  u 1 1 2 2u c Velocity  u 1 1 2 2u c

50,000 km/h 1.000000001    0.800c    1.666666667
100,000 km/h 1.000000004    0.900c    2.294157339
200,000 km/h 1.000000017    0.950c    3.202563076
500,000 km/h 1.000000107    0.990c    7.088812050

km/h 1.000000429    0.999c    22.36627204
km/h 1.000042870     0.9999c     70.71244596
km/h 1.004314456     0.99999c     223.6073568
km/h 1.017600788     0.999999c     707.1067812

         c/3 1.060660172     0.9999999c     2236.067978
         c/2 1.154700538     0.99999999c     7071.067812
        2c/3 1.341640786     0.999999999c     22360.67978
        3c/4 1.511857892 C     

From the above Table follows that for small 
velocities 50,000 km/h to 200,000 km/h, the absolute and 
the relative stress tensor are nearly the same. On the 
other hand, for bigger velocities like c/3, c/2 or 3c/4 (c = 
speed of light), the variable takes values more than the 
unit and thus, relative stress tensor is very different from 
the absolute one. Finally, for values of the velocity of the 
moving structure near the speed of light, the variable 
takes bigger values, while when the velocity is equal to 
the speed of light, then tends to the infinity.

The Singular Integral Operators Method 
(S.I.O.M.) as was proposed by E.G.Ladopoulos [4], [8], 
[9], [11], [12], [13], [15] and E.G.Ladopoulos et all [22] 
will be used for the numerical evaluation of the stress 
tensor (3.11), for every specific case. 

IV. CONCLUSIONS

In the present investigation in the area of 
aeronautics technologies the theory of “Relativistic 
Elasticity” has been introduced and applied for the 
design of a new generation large aircraft with turbojet 
engines and speeds in the range of 50,000 km/h. Such 
a design and construction of the new generation aircraft 
will be applied to an increased market share of 
International Aeronautical Industries. Furthermore, the 
theory of “Relativistic Elasticity” has been applied for the 
design of the next generation spacecrafts moving with 
very high speeds, even approaching the speed of light, 
as the target of the International Space Agencies (ESA, 
NASA, etc.) is to achieve such spacecrafts in the future. 
The future investigation concerns to the determination of 
the proper composite materials for the construction of 
the next generation spacecfracts, as usual composite 
solids are not proper for such a construction.

The theory of “Relativistic Elasticity” and the 
“Universal Equation of Elasticity” show that there is a 
considerable difference between the absolute stress 
tensor of the airframe even in the range of speeds of 

50,000 km/h. For bigger speeds the difference between 
the two stress tensors is very much increased. 
“Relativistic Mechanics” is a combination of the theories 
of "Classical Elasticity" and "Special Relativity".  
For the structural design of the next generation aircrafts 
and spacecrafts will be used the stress tensor of the 
airframe in combination to the singular integral 
equations. Such a stress tensor is reduced to the 
solution of a multidimensional singular integral equation 
and for its numerical evaluation will be used the Singular 
Integral Operators Method (S.I.O.M.).
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Figure Captions

Figure 1 : The state of stress 0
ik in the stationary 

system.
Figure 2 : The state of stress 0

ik in the stationary 
system  OS and  ik in the airframe system S, with 
velocity u parallel to the  1x - axis.
Figure 3 : The stationary system OS .
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Figure 3
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Abstract - Over the last 20 years spacecraft formation flying has been the subject of numerous research 
activities due to the advantages offered when compared with large, complex, single purpose satellites. 
With the obvious advantages of increased functionality and enhanced reliability, come however, also 
substantial challenges in the maintenance and reconfiguration of the spacecraft formation. The present 
paper addresses these problems by proposing two approaches that can be mathematically validated 
thus making it attractive for safety critical applications such as proximity operations. The first approach 
hinges on the implementation of pursuit algorithms first studied by French scientist Pierre Bouguer in the 
18th century. The proposed approach separates the control law into two distinct stages: planar movement 
control and orthogonal displacement suppression. The second approach relies on the use of motion 
camouflage which is a hunting technique widely used in the natural world that allows a predator to 
approach a prey while appearing to remain stationary. A number of different scenarios are presented and 

the two approaches implemented within them. Numerical results shows that both methods are robust to 
dynamical uncertainties and do ensure the correct reconfiguration manoeuvres. 
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Robust Algorithms for Formation Flying 
Reconfiguration

Gianmarco Radice , Tao Yang , Weihua Zhang

AAbstract - Over the last 20 years spacecraft formation flying 
has been the subject of numerous research activities due to 
the advantages offered when compared with large, complex, 
single purpose satellites. With the obvious advantages of 
increased functionality and enhanced reliability, come 
however, also substantial challenges in the maintenance and 
reconfiguration of the spacecraft formation. The present paper 
addresses these problems by proposing two approaches that 
can be mathematically validated thus making it attractive for 
safety critical applications such as proximity operations. The 
first approach hinges on the implementation of pursuit 
algorithms first studied by French scientist Pierre Bouguer in 
the 18th century. The proposed approach separates the 
control law into two distinct stages: planar movement control 
and orthogonal displacement suppression. The second 
approach relies on the use of motion camouflage which is a 
hunting technique widely used in the natural world that allows 
a predator to approach a prey while appearing to remain 
stationary. A number of different scenarios are presented and 
the two approaches implemented within them. Numerical 
results shows that both methods are robust to dynamical 
uncertainties and do ensure the correct reconfiguration 
manoeuvres.

I. INTRODUCTION

n recent years, the idea of distributing the functionality 
of large satellites among smaller has become 
increasingly popular as a traditional, large single 

spacecraft may not be sufficient to meet mission 
requirements [1]. Several scenarios entailing 
cooperative satellites have been considered for 
numerous space missions. To this end spacecraft 
formation flying has become a promising means of 
reducing operational costs and increase mission 
flexibility and functionality [2-6]. Due to the often precise 
navigation and positioning requirements of these 
missions, the spacecraft station keeping and orbit and 
increase mission flexibility and functionality [2-6]. Due to 
the often precise navigation and positioning 
requirements of these missions, the spacecraft station 
keeping and orbit control become crucial for mission 
success. Different approaches exist and   have  been 

Author : Space Advanced Research Team, School of Engineering, 
University of Glasgow, Glasgow, UK.
Author : College of Aerospace and Materials Engineering, National 
University of Defense Technology, Changsha, P.R. China.

proposed in literature to tackle these challenging 
problems [7-12]. The main drawback of these 
approaches is that they generally require costly 
computational resources making them thus unsuitable 
for on-board scheduling. The development of autonomy 

technologies is the key to three vastly important 
strategic technical challenges facing future spacecraft 
missions. The reduction of mission operation costs, the 
continuing return of quality science products through 
increasingly limited communications bandwidth and the 
launching of a new era of solar system exploration, 
characterised by sustained presence and in depth 
scientific studies. Spacecraft autonomy will bring 
significant advantages by improving resource 
management, increasing fault tolerance and simplifying 
payload operations. Also, when considering the 
communication delays in deep space missions, the 
requirement for autonomy becomes clear. Ground 
stations and controllers will not be able to communicate 
and control distant spacecraft in real-time to guarantee 
pointing precision and safety. As the number of satellites 
within the formation and the distance of the operational 
orbit from the Earth increase, conventional methods 
show their limits and become less practical. New control 
methods are therefore required; approaches that 
enhance the automation of the system, enabling the 
formation to perform deployment, maintenance and re-
configuration manoeuvres autonomously. 

a) Pursuit Algorithms 
An interesting line of research, inspired by 

pursuit algorithms, was first studied by French scientist 
Pierre Bouguer in the 18th century. Simply put, if a point 
A in space moves along a known curve, then another 
point P describes a pursuit curve if its motion is always 
directed towards A and the two points move with equal 
speeds. More than a century later, scholars found that if 
three agents, initially placed at the vertices of an 
equilateral triangle, were to run one after the other, then 
their pursuit curves would be a logarithmic spiral and 
they would eventually meet at a common point, known 
now as the Brocard point of a triangle as shown in 
Figure1[13].

I

G
lo
ba

l 
Jo

ur
na

l 
of
 R

es
ea

rc
he

s 
in
 E

ng
in
ee

ri
ng

  
    
 

V
ol
um

e 
 X

II 
 I
ss
ue

 vvvvI
  

V
er
sio

n 
I 

  
  

  
  

  
  
  

  
  

11

(
DDDD

)
D

 ©  2012 Global Journals Inc.  (US)

  
20

12
  

eb
ru
ar
y

F

Figure 1: Pursuit curve pattern for an equilateral 
triangle.



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b) Motion Camouflage 
Motion camouflage is a stealth technique that 

allows a predator to approach a moving target (e.g. the 
prey) whilst appearing to remain stationary. To achieve 
this, the predator follows a path such that it always lies 
on the line connecting the predator and a fixed point 
(knowas the camouflage background) as shown in 
Figure 2. Biologists have used stereo cameras to 
reconstruct the movements in three dimensions of 
dragonflies, and verify that these insects successfully 
use motion camouflage to disguise themselves as 
stationary during aerial maneuvers. A more elaborate 
behavior is performed by the male dragonflies that 
periodically appear to switch fixed point locations, 
sometimes to nearby points, sometimes to points at 
infinity [14].

Figure 2 : A predator motion camouflage trajectory

The only visual cue to the predator’s approach 
is its graduallooming. In a psychophysical experiment 
based on a 3D computergame, humans became prey, 
defending themselves against attacks from motion 
camouflaged missiles. Alternative missile approach
Strategies included a homing approach and direct 
interception approach. The experimental results 
demonstrated that motioncamouflaged missiles were in 
general able to get closer to the object before being 
shot than the alternative strategies.

II. CONTROL ALGORITHMS

We assume that the formation is orbiting the 
Earth at an altitude which is much larger than the relative 
distance between the satellites. We can therefore define 
the equations of motion of a chaser satellite about a 
target satellite through the Clohessy- Wiltshire 
equations:

(1)

Motion in the z direction and along the orbital 
plane is decoupled; hence if necessary the control law 
can be designed in two stages: planar and orthogonal 
control.

a) Pursuit Algorithms Control
If the satellite lies on the reference centre, then 

under cyclic pursuit it will remain stationary. Generally 
the initial position of the agentis however not 
superposed to the reference centre, thus it is necessary 
to combine this with beacon’s guidance to achieve
reorientation. Suppose the reference centre to be a 
virtual beacon, together with angular rotation control of           

,              another control denoted as                    would 

be required to maintain the relative distance 
maintenance with respect to the beacon. This linear 
control is expressed as:

(2a)

with

(2b)

(2c)
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  (2d)

Where, is the distance between the vehicle 
and the beacon            represents the angular distance 
between the heading of the vehicle and the position 
vector of the beacon Note that Eq. 2c valid in the case 
of counterclock wise equilibrium and Eq. 2d valid in the 
case of clockwise equilibrium. A combined control law 
for multi-agent motion would then be:

(3)

[0,2 )

0for      
0for      

ii

ibibbi
iiiii k

gkk
tu

In the orthogonal direction, a linear feedback 
control is designed.

To suppress possible oscillations, the velocity 
value is taken into account. Here the parameters are 
adjusted to be:

(4)

This provides the control in the out of plane 
direction.

0.0002,  0.0002z vk k .

zkzku vzz           

b) Motion Camouflage Control
The ideal motion camouflage equations are built 

on the assumption that the position of the target is given 
in advance. Let us assume that the position of the target 
is and that of the predator is , both of which lie 
either in a plane or three-dimensional Euclidean space. 

 ( )z t  ( )r t



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

If the predator uses motion camouflage, then lies        on 
the line connecting the target and some fixed reference
point      . This means that:

(5)

Where              is the position ratio of
To perform the formation control we assume impulsive 
manoeuvres such that the velocity vector changes 
instantaneously. The chaser transfers from state of  

                             

Superscripts of “ -
and  “ + ”  refer  to the state of before and  after  an
impulse respectively. Defining
                                                                             The 
transition matrix becomes:

(6)

with

(7)

and impulse vectors of

(8)

Integrating all the velocity changes provides the 
fuel mass required for the manoeuvre through the rocket 
equation.

III. NUMERICAL RESULTS – PURSUIT 

ALGORITHMS

To simplify the stability analysis, a formation of 
only two satellites is investigated at first. We consider 
two reconfiguration manoeuvres: separation increase 
and phase angle adjustment. In this task for the reason 
of initial symmetric states, cyclic pursuit is sufficient to 
achieve radius enlargement. Applying cyclic pursuit
control to this scenario requires the linear velocity to be 
constant. Whereas to keep the periodicity invariant to 
the reference centre under orbital dynamics, the velocity 
value relative to the reference centre should change as 
well. Then the cyclic pursuit in the orbit direction and the 
feedback control in the orthogonal direction are applied. 
Setting                                                                            as control input,

Where     is the expected angular rotation rate,
                                               Assuming the satellites has
same mass                         and electric   thrusters   with

Robust Algorithms for Formation Flying Reconfiguration
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0.0002,  0.0002z vk k the 
367m kg

1640 ,  7.22 5spI s Thrust e kN                                      Is used in the first phase 
of about 20 minutes after which it is decreased to 3.67e-
5kN. These correspond to the values of the centripetal 
forces in initial and target positions respectively. The 
results are shown in Fig 3-4.

Figure 3 : Propagation of radius enlargement.

Figure 4 : Spacecraft relative distance

The eigenvalues of this system are 

through coordinate constraints, leaves the remaining 
with negative real parts. Hence the planar movement is 
stable. Figure 4 shows the radius of this formation 
increases while maintaining a constant phase angle. 
The radius increase following the velocity increase is 
rapid, but it still takes a relatively long time to finally 
reach the desired orbital configuration. In the first phase, 
a higher thrust is required to increase the relative 
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distance. In the second phase, the thrust should be 
reduced to avoid overshooting the desired relative 
distance. If the thrust is maintained to the initial level 
throughout the manoeuvre then, the convergence rate is 
very slow.

In the second scenario want to modify the 
relative phase angle between the satellites. Applying 
control   law   to   planar  movement   with   parameters 

                                                                     Initial
spacecraft mass are the same as before while the 
propulsion system employs SMART-1 Hall Effect 
Thrusters with                                                    

Figure 5 shows that the two satellites gradually 
evolve to the new required angular phase distance.

Figure 5 : Propagation of the phase angle adjustment.

If an impulsive propulsion system is used, the 
relative distance between the satellites would oscillate 
slightly before reaching the required phase angle 
separation as shown in Figure 6. It can be seen that the 
manoeuvre takes more than twice the time than using a 
low thrust propulsion system, as shown in Figure 7.

Figure 6 : Spacecraft relative distance.
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e = 0.1km, cb = 2, kb = 0.02 and k = 2 e/ . 

1640spI s . 

Figure 7 : Spacecraft relative distance.

IV. NUMERICAL RESULTS –MOTION 

CAMOUFLAGE

To simplify the preliminary analysis, let us 
assume the target is circling around a spacecraft with 
parameters of:

                              The target’s motion can be 
as

(9)

9.92 4 /n e rad s
expressed 

cos( )
2 sin( )

cos( )

t t t

t t t

t t t t

x A nt

y A nt

z B nt

                     

We assume the chaser initiates its trajectory 
takes from the centre of the reference frame. When the 
parameters,              and        are defined the trajectory 
shown    in    Figure  8    with   velocity   consumption   of

is followed.  

Figure 8 : Motion camouflage trajectory

In between impulsive intervals, the chaser will 
not be precisely located on the constraint lines all the 
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time. This phenomenon would probably result in the 
failure of a possible stealthy approach. To address this 
failing more frequent impulses need to be applied as 
shown in Figure 9. This however comes at the expense 
of a more costly manoeuvre with a                                          

Figure 9 : Motion camouflage trajectory

V. CONCLUSIONS

This paper presented two different 
methodologies for group coordination and cooperative 
control of n satellites to achieve formation 
reconfiguration and phase angle adjustment. The first 
approach is based on pursuit algorithms while the 
second takes inspiration from motion camouflage. To 
validate the methodologies different scenarios are 
presented: a formation reconfiguration, an angular 
phase shift and a rendezvous manoeuvre. In summary, 
it has been shown that the control schemes proposed in 
this paper may have some potential for implementation 
in space missions, particularly since these approaches 
can be validated analytically. Future work would be the 
application of these control schemes in various 
scenarios while optimizing fuel consumption.
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Stability analysis of a landing gear mechanism 
with torsional degree of freedom 

Elmas Atabay , Ibrahim Ozkol  

AAbstract - In this study, stability of a landing gear mechanism 
with torsional degree of freedom is analyzed. Derivation of the 
equations of motion of the model with torsional degree of 
freedom and the von Schlippe tire model are presented. 
Nonlinear model is linearized and Routh-Hurwitz criterion is 
applied. Stability  analysis is conducted in the e v  plane for 
different values of the torsional spring rate c and in the  k v 
plane for different values of the relaxation length  and vertical 
force  Fz . Percentages of the stable regions are computed. 
Effects of the variation of the caster length e, half contact 
length a and their ratio on stable regions are analyzed. Results 
and conclusions about the variation of stability are presented 
and constructive recommendations are given. 
 

I. INTRODUCTION 

ibration of aircraft steering systems has been a 
problem of great concern since the production of 
first airplanes. Shimmy is an oscillatory motion of 

the landing gear in lateral and torsional directions, 
caused by the interaction between the dynamics of the 
tire and the landing gear, with a frequency range of 10-
30 Hz. Though it can occur in both nose and main 
landing gear, the first one is more common. Shimmy is a 
dangerous condition of self - excited oscillations driven 
by the interaction between the tires and the ground that 
can occur in any wheeled vehicle. Problem of shimmy 
occurs in ground vehicle dynamics and aircraft during 
taxiing and landing. In other words, shimmy takes 
places either during landing, take-off or taxi and is 
driven by the kinetic energy of the forward motion of the 
aircraft. It is a combined motion of the wheel in lateral, 
torsional and longitudinal directions.  

II. SHIMMY 

Shimmy can occur in steerable wheels of cars, 
trucks and motorcycles, as well as trailers and tea carts. 
Invehicle dynamics, shimmy is the unwanted oscillation 
of a rolling wheel about a vertical axis. It can occur in 
taxiing aircraft, as well. In the case of a shopping cart 
wheel, it is caused by the coupling between transverse 
and pivot degrees of freedom of the wheel. In the case 
of landing gear, shimmy is the result of the coupling 
between   tire   forces  and  landing  gear  bending  and  
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torsion. In other words, basic cause of shimmy is energy 

transfer from tireground contact force and vibration 
modes of the landing gear system. Shimmy is an 
unstable phenomenon and it occurring with a certain 
combination of parameters such as mass, 

 
elastic 

quantities, damping, geometrical quantities, speed, 
excitation forces and nonlinearities such as friction 

 
and 

freeplay. It is difficult to determine shimmy analytically 
since it is a very complex phenomenon, due to 

 
factors 

such as wear and ground conditions that are hard to 
model. Small differences in physical conditions can 

 lead to extremely different results. For example, it is 
reported in [1] that a new small fighter aircraft whose 
name 

 
is withheld, has displayed to vibrations during low 

and high speed taxi tests and first several landings and 
take

 
-
 
offs, but shimmy vibrations with frequencies in the 

range 22-26 Hz were experienced during next several 
 landings and take-offs at certain speeds, especially 

during landing. This demonstrates the effect of wear on 
landing gear shimmy. In the reported case, it was seen 
that tightening the rack too tight against the pinion 
prevented the wheel from turning, while tightening it less 
tight caused the vibration to disappear but reappear in 
the following flights. 

 Ground control of aircraft is extremely important 
since severe shimmy can result in loss of control or 
fatigue failure of landing gear components. Vibration of 
aircraft steering systems deserves and has gained 
attention since shimmy is one of the most important 
problems in landing gear design. Shimmy is reported to 
be due to the forces produced by runway surface 
irregularities and nonuniformities of the wheels [2-5]. 
Modeling of aircraft tires presents similar challenges to 
those involved in modeling automotive tires in ground 
vehicle dynamics, on a much larger scale in terms size 
and loads on the tire [6]. Shimmy is a complex 
phenomenon influenced by many parameters. Causes 
of shimmy can be listed as follows [2,7-10]. 

 
 

Insufficient overall torsional stiffness of the gear 
about the swivel axis 

 
 Inadequate trail, since positive trail reduces shimmy 

 
 Improper wheel mass balancing about the swivel axis  
 Excessive torsional freeplay  
 Low torsional stiffness of the strut  
 Flexibilities in the design of the suspension  
 Surface irregularities  
 Nonuniformities of the wheels  

V 

Worn parts 
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III.

 

DETECTION AND SUPPRESSION OF 

SHIMMY

 
Shimmy is a great concern in aircraft landing 

gear design and maintenance. Prediction of nose 
landing gear shimmy is an essential step in landing gear 
design because shimmy oscillations are often detected 
during the taxi or runway tests of an aircraft, when it is 
no longer feasible to make changes on the geometry or 
stiffness of the landing gear. Although shimmy was 
observed in earlier aircraft as well, there were no extra 
shimmy damping equipments installed. Historically, 
France and Germany tended to deal with shimmy in the 
design phase, while in United States, the trend was to 
solve the problem after its occurrence. Currently, the 
general methodology is to employ a shimmy damper 
and structural damping. A shimmy damper, acting like a 
shock absorber in a rotary manner, is often installed in 
the steering degree of freedom to damp shimmy. It is a 
hydraulic damper with stroke limited to a few degrees of 
yaw. A shimmy damper restrains the movement of the 
nose wheel, allowing the wheel to be steered by moving 
it slowly, but not allowing it to move back and forth 
rapidly. It consists of a tube filled with hydraulic fluid 
causing velocity dependent viscous damping forces to 
form when a shaft and piston are moved through the 
fluid.

 

Oleo-pneumatic shock absorbers are the most 
common shock absorber system in medium to large 
aircraft, since they provide the best shock absorption 
ability and effective damping. Such an absorber has two 
components: a chamber filled with compressed gas, 
acting as a spring and absorbing the vertical shock and 
hydraulic fluid forced through a small orifice, forming 
friction, slowing the oil and causing damping. Another 
common cure is to replace the tires even though they 
may not be worn out [10-12]. 

 
Shimmy started being investigated in 1920’s 

both theoretically and experimentally and soon it 
became clear that it is caused not by a single parameter 
but by the relationships between parameters. Effects of 
acceleration and deceleration on shimmy have been 
reported to be examined, and the accelerating system is 
found to be slightly less stable [13]. Number of 
publications available in literature on landing gear 
shimmy is limited because many developments are 
proprietary and are not published in literature. 

 
 

IV.

 

LITERATURE SURVEY

 

Many papers have been published addressing 
shimmy as a vehicle dynamics problem. In that 
perspective, tire is the most important item, and tire 
models have been

 

investigated. [13] examines the 
wheel shimmy problem and its relationship with 

investigation of tire parameter variations in wheel 
shimmy, by considering the shimmy resulting

 

from the 
elasticity of a pneumatic tire, particularly in taxiing 
aircraft. [14] is on the application of perturbation 
methods to investigate the limit cycle amplitude and 
stability of the wheel shimmy problem. [7] deals with the 
shimmy stability of twin-wheeled cantilevered aircraft 
main landing gear. The objective in [15] is to develop 
software on assessing shimmy stability of a general 
class of landing gear designs using linear and nonlinear 
landing gear shimmy models. [16] studies the periodic 
shimmy vibrations and chaotic vibrations of a simplified 
wheel model using bifurcation theory. [17] is on tire 
dynamics and is a development to deal with large 
camber angles and inflation pressure changes. [18] is 
another study on tire dynamics, where stability charts 
show the behavior of the system in terms of certain 
parameters such as speed, caster length, damping 
coefficient and relaxation length. [19] is an experimental 
study on wheel shimmy where system parameters are 
identified, stability boundaries and vibration frequencies 
are obtained on a test rig for an elastic tire. Dependence 
of shimmy oscillations in the nose landing gear of an 
aircraft on tire inflation pressure are investigated in [20]. 
The model derived in [21] is used and it is concluded 
that landing gear is less susceptible to shimmy 
oscillations at inflation pressures higher than the 
nominal. 

 

Transverse vibrations of landing gear struts with 
respect to a hull of infinite mass have been studied 
theoretically in [22]. Similarly, [23] presents a nonlinear 
model describing the dynamics of the main gear wheels 
relative to the fuselage. 

 

Lateral dynamics of nose landing gear shimmy 
models has gained some attention. Lateral response of 
a nose landing gear has been investigated in [10] where 
nonlinearities arise due to torsional freeplay. In [24], 
lateral response to ground-induced excitations due to 
runway roughness is taken into consideration as well. 
Lateral stability of a nose landing gear with a closed 
loop hydraulic shimmy damper is presented in [12]. 
Closed form analytical expressions for shimmy velocity 
and shimmy frequency are derived in regard to the 
lateral dynamics of a nose landing gear in [25]. 

 

A dynamic model of an aircraft nosegear is 
developed in [9] and effects of design parameters such 
as energy absorption coefficient of the shimmy damper, 
the location of the center of gravity of the landing gear, 
shock strut elasticity, tire compliance, friction between 
the tire and the runway surface and the forward speed 
on shimmy are investigated. It is shown in [26] that dry 
friction is one of the principal causes of shimmy. 
Bifurcation analysis of a nosegear with torsional and 

Stability analysis of a landing gear mechanism with torsional degree of freedom

longitudinal tire forces, vehicle motions and normal load 
oscillations. [8] compares different dynamic tire models 
for the analysis of shimmy instability. [3] is an 

lateral degrees of freedom is performed in [21]. 
Similarly, bifurcation analysis of a nosegear with 
torsional, lateral and longitudinal modes is performed in 
[27]. 

© 2012  Global Journals Inc.  (US)
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In a more mathematical study, incremental 
harmonic balance method is applied to an aircraft wheel 
shimmy system with Coulomb and quadratic damping 
[28] and amplitudes of limit cycles are predicted. 

 

Theoretical research on shimmy has a long 
history, with the initial focus on tire dynamic behavior 
because tires play an important role in causing shimmy 
instability. Theories on tire models can be divided into 
stretched string models and point contact models. In the 
stretched string model proposed by von Schlippe, the 
tire centerline is represented as a string in tension, the 
tire sidewalls are represented by a distributed spring 
where the string rests and the wheel is represented by a 
rigid foundation for the spring. Pacejka has proposed 
replacing the string by a beam. The point contact 
method assumes the effects of the ground on the tire 
act at a single contact point and is much easier to 
implement in an analytical model. 

 
 

V.

 

MATHEMATICAL MODEL

 

a)

 

Landing gear model 

 

In this study, stability of a landing gear model 
with torsional degree of freedom is analyzed. The 
nonlinear mathematical shimmy model presented in 
[11], [29] and [30] describes the torsional dynamics of 
the lower parts of a landing gear mechanism and 
stretched string tire model. Figures 1 a

 

and b

 

show the 
physical and mathematical nose landing gear models. 
Dynamics of the lower part of the landing gear is 
described by a second order ordinary differential 
equation for the yaw angle

 

about the vertical axis z, 
while

 

the dynamics of the tire modeled with respect to 
the stretched string tire model is described by a first 
order ordinary differential equation for the lateral tire 
deflection y. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 :

  

a. Nose landing gear model [30],

  

b. shimmy dynamics model [29].

 
 
 

Where 

 

I

 

z

  

is the moment of inertia about the z

 

axis,

 

M1

 

is the linear spring moment between the turning tube 
and the torque link, 

 

4321 MMMMI z +++=ψ        (1) 

M2 is the combined damping moment from viscous 
friction in the bearings of the oleo-pneumatic 2 shock 
absorber and from the shimmy damper,
M3 is the tire moment about the z axis and
M4 is the tire damping moment due to tire tread width..
M1 and M4 are external moments.
M3 and M4 are caused by lateral tire deformations due to 
side slip.
M3 is composed of Mz , tire aligning moment about the 

tire center, and tire cornering moment eFy . Fy is the 
wheel cornering force or the sideslip force acting with 
caster e as lever arm.

Stability analysis of a landing gear mechanism with torsional degree of freedom

ψkM =1           (2) 

ψcM =2           (3) 

yz eFMM −=3          (4) 

ψ
κ

v
M =4           (5) 
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Where k

 

is the torsional spring rate, c

 

is the 
torsional damping constant,

 

v

 

is the taxiing velocity and 

 

is the tread width moment constant defined as [29]

 
 
 
 

Fy

 

and Mz

 

depend on the vertical force

 

Fz

 

and slip 

angle

 

. Tire sideslip characteristics are nonlinear. 
Cornering force

 

Fy  and vertical force Fz

 

are related as

 

  

 
 
 
 

Where

 

is the limiting slip angle or the limit 
angle of tire force and

 

sign 

 

is the sign function 
defined as

 
  
 
 
 
 
 
 

Slip angle may be caused by either pure yaw or 

pure sideslip. Pure yaw occurs when the yaw angle

 

is

 

allowed to vary while the lateral deflection y

 

is held at 
zero. Pure sideslip, on the other hand, occurs when the 

lateral deflection y

 

is allowed to vary as the yaw angle

 

is held at zero [11]. 

 

 
 
 
 

Where B,C, D

 

and E

 

are functions of the wheel 
load, slip angle, slip ratio and camber. B

 

and E

 

are 
related to

 

vertical force Fz

 

, C

 

is the shape factor and D

 

is the peak value of the curve.

 

   

 

 

Aligning moment Mz

 

is defined using a half-

    
 

  
 
 
 
 
 

Where 

 

g

  

the limiting angle of tire moment.

 
 

b)

 

Tire model 

 

Tire is modeled using the elastic string theory. 
Lateral deflection of the tire is described as [11,

 

29]

 
  
 
 
 

Ground forces are transmitted to the wheel 
through the tire, and these forces acting on the tire 
footprint deflect the tire. Elastic string theory states that 
lateral deflection y

 

of the leading contact point of the tire 
with respect to tire plane can be described as a first 
order differential equation given by (13). This equation is 
derived as follows. 

 

Tire

 

sideslip velocity

 

Vt

  

is expressed as

 
 
 
 
 
 

Where
              

is the time constant,

  

is the 

relaxation length, which is the ratio of the slip stiffness to 

longitudinal force stiffness.

 
  

zF Fca ακ 215.0−=        (6) 

ααFzy cFF = ,  for δα ≤       (7) 

( )αδα signcFF Fzy = , for δα >       (8) 

( )
≤−

>
=

δα

δα
α

if,1

if,1
sign        (9) 

( )( ){ }[ ]ααα BBEBCDFy arctanarctansin −−=

 

    (10) 

Plots of Fy / Fz versus will not be presented 
here due to lack of space, but they have similar 
characteristics when obtained using either (7) and (8) or 
the Magic Formula, thus the simple approximations 
given by (7) and (8) are used instead of the complicated 
Magic Formula. Only force and moment derivatives are 
needed as parameters for (7) and (8). 

( )ψψ
σ

aevy
v

y −+=+

 

        (13) 

τ

y
yVt +=

 

          (14) 

V

σ
τ =

The tire also undergoes yaw motion, leading to a yaw 
velocity Vr which is approximated as 

As the wheel rolls on the ground,

Substituting (14) and (15) into (16) yields (13).

( )ψψ aevVr −+=

 

        (15) 

rt VV =

 

          (16) 

An equivalent side slip angle caused by lateral 
deflection is used to compute cornering force Fy and 
aligning moment M z and is approximated as

Equations (1), (13) and (17) constitute the 
governing equations of the torsional motion of the 
landing gear and include nonlinear tire force and 
moment. Parameters of a light aircraft used in the 
computations are given in table 1. 

σαα
y

=≈ arctan

 

         (17) 

Stability analysis of a landing gear mechanism with torsional degree of freedom

period sine. Mz / Fz is approximated by a sinusoidal 
function and the constant zero given by (11) and (12).

= α
α

α
α

g

g

Mzz cFM
180

sin
180

, for gαα ≤      (11) 
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0,=zz FM   for gαα >      (12) 

An expression is given for the nonlinear sideslip 
characteristic in the widely used Magic Formula [7, 11, 
17] as the following 



    
 
 

 
  
 

 
  
 

 
  

 

     
 

  
  

 

 
 

  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

c)

 

Linearization

 

In order to use linear analysis tools, nonlinear 
landing gear model has to be linearized. Following this, 
linear

 

stability analysis will be performed.

 

Within a small range of the side slip angle

 

,

 

cornering force

 

Fy

 

and the ratio

 

Mz

 

/

 

Fz

 

can be 
approximated proportional to the side slip angle. Based 
on this assumption, substituting equations (7), (8), (11) 
and (12) into

 

(4) yields (20), the complete expression for 
the tire moment M3

 
  
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Substituting (17) into (20) and expressing M3

 

in the neighborhood of 

 

         or          yields

 
  
 
 
 

M3

 

can be linearized using the Taylor series expansion as

 
  
 
 
 
 

 
  
 
 
 

Table 1 : Parameters used in the torsional dynamics.

Parameter Description Value Unit 
v  velocity 0…80 m/s 
a  half contact length 0.1 m 
e  caster length 0.1 m 

zI moment of inertia 1 kg m2

zF vertical force 9000 N 

c  torsional spring rate -100000 Nm/rad 

αFc side force derivative 20 1/rad 

αMc moment derivative -2 m/rad 

k torsional damping constant 0…-50 Nm/rad/s 

κ tread width moment constant -270 Nm2/rad 

a3=σ relaxation length 0.3 m 

gα limit angle of tire moment 10 deg 

δ limit angle of tire force 5 deg 

( ) >

≤
=

δααδ

δαα

α

α

,

,

signc

Fc
F

F

zF

y         (18) 

≥

≤
=

g

gz

g

g

M
z

Fc
M

αα

ααα
α

α
α

,0

,
180

sin
180       (19) 

( )

( )

( )

( ) >

<<−

<<−−

−<<−−

−≤−

=

gzF

gzFz

g

g

M

zFz

g

g

M

gzFz

g

g

M

gzF

Fsignec

FsignecFc

FecFc

FsignecFc

Fsignec

M

αααδ

ααδαδα
α

α

δαδδα
α

α

δαααδα
α

α

αααδ

α

αα

αα

αα

α

,

,
180

sin
180

,
180

sin
180

,
180

sin
180

,

3   (20) 

0=α 0=y

zFz

g

g

M F
y

ecF
y

cM
σσα

α
αα −=

180
sin

1803       (21) 

( )αααα σσσασα

α
FM

z

y

zF

g

z

g

g

M

y

ecc
F

FecF
y

c
y

M
−=−=

∂

∂

== 00

3 1180180
cos

180
 (22) 
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Where 

 
 
  
 
 
 
 
 
 
 
 
 
 
 

Characteristic equation is obtained as 

 
 
 
 

Routh

 

-

 

Hurwitz criterion is applied to determine 

stability boundaries of the linear model. This criterion 

states that

 

for a third order polynomial

 
  
 

to be stable,

 

            and                   
. 

 

By

 

inspecting the characteristic equation (29)

 
  
 
 
 
 
 
 

Thus, for the landing gear model to be stable

 
  
 
 
 
 
 
 
 

VI.

 

STABILITY REGIONS

 

  

Stability plots will not be presented in order

 

to 
save space, but numerical values regarding the stable 

  

  
  

Stability regions are analyzed in the

 

e v plane 
for different values of the torsional spring rate c. 
Torsional damping constant k

 

is taken as -50 Nm/rad/s.

 

Caster length evaries between -0.1

 

and 0.3 m,

 

while the 
velocity

 

v

 

varies between 0

 

and 200 m/s.  ctakes the 
values 0, -50000

 

and -100000 Nm/rad.

 

Table 2 shows the

 

percentages of the area of the stable region in the

  

e v

 

plane for the values of c

 

considered.

 
  

Table 2 :

 

Percentage of stable region in the e v

 

plane 
for different values of c.

 

  
                                           Percentage of stable region

 

c =-100000 Nm/rad

 

     97.3 % stable

 

c =-50000 Nm/rad

 

     68.7 % stable

 

c =0 Nm/rad

 

                   

 

33.6 % stable

 

  

2.

 

Stability boundaries in the

 

k v plane for different 
values of 

  

and 

 

F z

 

 

 
     

  
  

    
 

  

    

 

 

 

 

 

  
 

 
  

 

 
 

 

 
   
   
   

   

   

   

   
  

Defining  the  state  variables as               gives the 

linearized model as three ordinary differential equations 

of first order as

( )y,,ψψ

=

yccv

ccc

y

ψ

ψ

ψ

ψ

54

321

010

        (23) 

zI

c
c =1

  

      (24) 

zz vII

k
c

κ
+=2

  

      (25) 

( )
σ

αα

z

zFM

I

Fecc
c

−
=3

  

      (26) 

aec −=4

  

      (27) 

σ

v
c

−
=5

  

      (28) 

( ) ( )

( ) 0351

43152
2

52
3

=−

+−−++−

vccc

ccccccc λλλ

    (29) 

2
2

3
3 + sasa

001 =+

+

asa 0>na 0312 aaaa >

13 =a
( )522 cca +−=

431521 ccccca −−=

3510 vccca −=

( ) 052 >+− cc        (30) 

043152 >−− ccccc        (31) 

0351 >− vccc        (32) 

( )( ) 3514315252 vcccccccccc −>−−+−       (33) 

Table 3 : Percentage of stable region in the k v plane 
for different values of .

    Percentage of stable region
=0.02 m 78.3 % stable
=0.07 m 65.4 % stable
=0.12 m 61.3 % stable
=0.17 m 60.7 % stable
=0.22 m 61.4 % stable
=0.27 m 62.9 % stable
=0.32 m 64.4 % stablepercentages of the parameter space will be presented.

1. Stability boundaries in the e v plane for different 
values of c

Stability analysis of a landing gear mechanism with torsional degree of freedom
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Stability regions are analyzed in the k − v plane 
for different values of the relaxation length    and vertical
force     . Velocity v varies between 0 and 100 m/s while 
torsional damping constant k varies between -120 and 
20 Nm/rad/s when analyzing stability for different values 
of    and between -100 and 50 Nm/rad/s when analyzing 
stability for different values of    . It is seen that for     < 

σ
zF

σ
zF σ

0.1, there is more instability at small velocities and more
stability at large velocities, while for   > 0.1, there is more 
stability at small velocities and more instability at large 
velocities. Larger values of F z and v require larger 
values of − k for stability and there is no instability for 
negative damping coefficients below 16 m/s. Generally 
speaking, shimmy occurs under a certain damping 
value, depending on the velocity. There is stability for all 
values of the damping constant k for small velocities for 
velocities below 16 m/s. Tables 3 and 4 show the 
percentages of the area of the stable region in the k − v
plane for the values of   and F z considered, 
respectively.

σ

σ

  



Table 4 : Percentage of stable region in the k v plane 
for different values of Fz 

 
       

 
             Percentage of stable region

 
Fz 

= 0 N 
 

72.5 % stable
  

Fz
 

= 5000 N
 

58.5 % stable
 

Fz
 

= 10000 N
 

45.1 % stable
 

Fz 
= 15000 N

 
32.5 % stable

 
 3.

 
Effects of t

length    on stability boundaries 
he caster length  and half contact 

 Effects of the variation of the caster length
 
e, 

half contact length a
 

and their ratio on stability 
boundaries are

 
analyzed below. Increments and 

decrements in the stable portion of the
 
e v  and

 
  k v 

planes are presented
 
quantitatively in tabular form.

 
i. Effects of the half contact length on stability 

boundaries in the e v  plane for different values of c
 

This part of the stability analysis of the linear 
model is conducted in the e v  plane, thus the effect 

of the
 
caster length e

 
is already contained within the 

calculations. For this reason, effect of the half contact 
length a

 
on

 
stability of the model will be analyzed. 

Effects of 5 % and 10 % increase and decrease of the 
half contact

 
length a

 
are analyzed in this section.

 

 A 5 % increase in the half contact length a from 0.1 
m to 0.105 m leads to an increase in the unstable 
region in the e v   plane, as can be seen by 
inspecting table 9. It is observed that there is a 
greater increase in the unstable region for large 
values of the torsional spring rate c . 

  
  

   
 

 
  

 

A 5 % decrease in the half contact length a

 

from 0.1 
m to 0.095 m leads to a increase in the stable

 

region 
in the

 

e v

 

plane, as seen by inspecting table 9.  

There are almost no instabilities in

 

the

 

e v

 

plane for 

a high torsional spring rate c. It observed that there is 
a greater increase in the

 

stable region for large 
values of the torsional spring rate c.

 
 

A 10 % decrease in the half contact length a

 

from 0.1 
m to 0.09 m leads to a further increase in the

 

stable 
region in the

 

e v

  

plane, as seen by inspecting table 
9. As was the case for a half contact length

 

of     

0.095 m, there are almost no instabilities in the e v

 

plane for a high torsional spring rate

 

c

 

and

 

there is a 
greater increase in the stable region for large values 
of the torsional spring rate

 

c

 

.

 
 

The

 

following table quantifies the amounts of 
increments and decrements in the stability of the e v

 

plane for

 

variations of the half contact length a. Values 
given for a half contact length of 0.1 m show how much 
of the

 

analyzed region in the

 

e v  plane is stable. 
Values given in the following lines for half contact 
lengths of

 

0.105 m, 0.11 m, 0.095 m and 0.09 m show 
how much of the analyzed region are stable and how 
much

 

increment or decrement exists with respect to the 
stability of the system having a half contact length of 0.1 
m.

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Table 5 :

  

Effect of variation of the half contact length on stability in the

 

e v  plane.

 
 

  
 

   
 

   
 

  
 

   
 

  
 

   
 

   
   

 

A 10 % increase in the half contact length a from 0.1 
m to 0.11 m leads to a further increase in the

unstable region in the e v  plane, as can be seen 
by inspecting table 9. As was the case for a half
contact length of 0.105 m, there is a greater increase 
in the unstable region for large values of the torsional 
spring rate c.

 direction of decreasing torsional spring rate 
c=-100000 Nm/rad c=-50000 Nm/rad c=0 Nm/rad 

 a=0.1 m 97.3 % stable 68.8 % stable 33.6 % stable 
a=0.105 m 92.8 % stable 62.2 % stable 26.8 % stable

 4.6 % decrement 9.5 % decrement 20 % decrement 
a=0.11 m 87.6 % stable 55.4 % stable 22.6 % stable 

in
cr

em
e

nt
 in

 th
e 

ha
lf

 
co

nt
ac

t 
le

ng
th

 

 10 % decrement 19.3 % decrement 32.7 % decrement 
a=0.095 m 99 % stable 74.6 % stable 41.6 % stable 

 1.7 % increment 8.5 % increment 23.9 % increment 
a=0.09 m 99 % stable 79.7 % stable 48.9 % stable 

de
cr

em
e

nt
 in

 th
e 

ha
lf

 
co

nt
ac

t 
le

ng
th

 

 1.7 % increment 15.9 % increment 45.7 % increment 

ii. Effects of the caster length e and half contact length a
on stability boundaries in the k v plane

This part of the stability analysis of the linear 
model is conducted in the k v plane. Effects of the 

caster length e, half contact length a and their ratio on 
stability of the model will be analyzed. Effects of 5 % and 
10 % increase and decrease of e and a and variation of 
their ratio are also analyzed.

Stability analysis of a landing gear mechanism with torsional degree of freedom
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e
a

a



     
   

  
  

   
 

  
 

effect of

 

the half contact length ais already contained 

since

 

3a. For this reason, effect of the caster 
lengtheon

 

stability of the model will be analyzed. Effects 
of 5 % and 10 % increase and decrease of e are 
analyzed in this

 

section.

 
 

 

A 5 % increase in the caster length

 

e

 

from 0.1 m to 
0.105 m leads to an increase in the stable region in

 

The k v  plane, as can be seen by inspecting table 
10. It is observed that there is a smaller increase in

 

the 
stable region for large values of the relaxation length 

. Increase in the stable region is almost

 

unnoticeable 
for relaxation lengths above 0.12 m.

 
 

A 10 % increase in the caster length e

 

from 0.1 m to 
0.11 m leads to a further increase in the stable

 

region 
in the k v  plane, as can be seen by inspecting

 

table 
10. As was the case for a caster length of

 

0.095 m, 
there is a smaller increase in the stable region for 
large values of relaxation length

 

and the

 

increase in 
the stable region is almost unnoticeable for relaxation 
lengths above 0.12 m.

 
 

A 5 % decrease in the caster length

 

e

 

from 0.1 m to 
0.095 m leads to an increase in the unstable region

 

in 
the k v  plane, especially for low velocities, as seen 
from table 10. It is observed that there is a

 

smaller 
increase in the unstable region for large values of the 

relaxation length 

 

. Increase in the

 

stable region is 
almost unnoticeable for relaxation lengths above   
0.12 m.

 
 

A 10 % decrease in the caster length

 

e

 

from 0.1 m to 
0.09 m leads to a further increase in the unstable

 

region in the

 

k v  plane, especially

 

for low velocities, 
as seen from table 10. As was the case for a

 

caster 
length of 0.095 m, there is a smaller increase in the 

unstable region for large values of relaxation

 

length   
and the increase in the unstable region is almost 
unnoticeable for relaxation lengths above

 

0.12 m.

 
 

Table 6 quantifies the amount of increments and 
decrements in the stability of the

 

k v plane for

 

variations of the caster length

 

e. Values given for a 
caster length of 0.1 m show how much of the

 

analyzed region in the

 

k v plane is stable. Values 
given in the following lines for half caster lengths

 

of 
0.105 m, 0.11 m, 0.095 m and 0.09 m show how 
much of the analyzed region are stable and how

 

much 
increment or decrement exists with respect to the 
stability of the system having a caster length of

 

0.1 m.

 
 

Ta
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Effects of the caster length e on stability boundaries in 
the k v  plane for different values of 

This part of the stability analysis is conducted 
for different values of the relaxation length , thus the 



  

 

Effect of the variation of the ratio e/a on the 
stability of the model is analyzed. Effects of 5 % and 10 
% increase and decrease of e/a are presented in table 
7. 
  

Table 7 : Effect of variation of the ratio e/a on stability in the k v plane.

 
 

  
  

 
 
 

  
  

 
 

 
  

 
  

 
  

 
 

 
  

  
 

  
  

 
  

  
 

   
    

 
 

 
 

 
 

  
  

 
 

  
  

 
 

 
 

  
 

  
 

  
 

   
    

 
   

   
 

   
   

 
 

 
 

  
 

 
  

  
  

 
 

  
  
  

 
 

 
  

 
  

 
  

 
 

 
  

 

ae / =1 
e =0.08 m 
a =0.08 m 

e =0.09 m 
a =0.09 m 

e =0.1 m 
a =0.1 m 

e =0.11 m 
a =0.11 m 

e =0.12 m 
a =0.12 m 

zF =0 N 72.5 % stable 72.5 % stable 72.5 % stable 72.5 % stable 72.5 % stable 

zF =5000 N 58.5 % stable 58.3 % stable 58.7 % stable 59 % stable 58.2 % stable 

zF =10000 N 45.2 % stable 44.9 % stable 45.4 % stable 45.9 % stable 44.8 % stable 

zF =15000 N 32.5 % stable 32.2 % stable 33 % stable 33.7 % stable 32.1 % stable 

ae / =1.05 
e =0.11 m 
a =0.105 m 

e =0.105 m 
a =0.1 m 

e =0.1 m 
a =0.095 m 

e =0.095 m 
a =0.09 m 

e =0.09 m 
a =0.085 m 

zF =0 N 72.5 % stable 72.5 % stable 72.5 % stable 72.5 % stable 72.5 % stable 

zF =5000 N 58.3 % stable 58.4 % stable 58.4 % stable 58.6 % stable 58.6 % stable 

zF =10000 N 44.9 % stable 45.1 % stable 45.3 % stable 45.3 % stable 45.6 % stable 

zF =15000 N 32.4 % stable 32.5 % stable 32.7 % stable 33 % stable 33.3 % stable 

ae / =1.1 
e =0.12 m 
a =0.11 m 

e =0.11 m 
a =0.1 m 

e =0.1 m 
a =0.09 m 

e =0.09 m 
a =0.082 m 

e =0.082 m 
a =0.075 m 

zF =0 N 72.5 % stable 72.5 % stable 72.5 % stable 72.5 % stable 72.5 % stable 

zF =5000 N 58.1 % stable 58.4 % stable 58.5 % stable 58.6 % stable 58.9 % stable 

zF =10000 N 44.7 % stable 45.1 % stable 45.3 % stable 45.9 % stable 46.3 % stable 

zF =15000 N 32.1 % stable 32.5 % stable 33.1 % stable 33.7 % stable 34.2 % stable 

ae / =0.95 
e =0.09 m 
a =0.095 m 

e =0.095 m 
a =0.1 m 

e =0.1 m 
a =0.105 m 

e =0.105 m 
a =0.11 m 

e =0.11 m 
a =0.116 m 

zF =0 N 72.5 % stable 72.5 % stable 72.5 % stable 72.5 % stable 72.5 % stable 

zF =5000 N 58.6 % stable 58.5 % stable 58.5 % stable 58.4 % stable 58.4 % stable 

zF =10000 N 45.3 % stable 45.2 % stable 45.1 % stable 45 % stable 44.9 % stable 

zF =15000 N 32.8 % stable 32.6 % stable 32.5 % stable 32.3 % stable 32.2 % stable 

ae / =0.9 
e =0.081 m 
a =0.09 m 

e =0.09 m 
a =0.1 m 

e =0.1 m 
a =0.11 m 

e =0.11 m 
a =0.122 m 

e =0.122 m 
a =0.135 m 

zF =0 N 72.5 % stable 72.5 % stable 72.5 % stable 72.5 % stable 72.5 % stable 

zF =5000 N 58.8 % stable 58.6 % stable 58.5 % stable 58.5 % stable 58.5 % stable 

zF =10000 N 45.7 % stable 45.4 % stable 45.2 % stable 45.2 % stable 45.4 % stable 

zF =15000 N 33.2 % stable 32.7 % stable 32.5 % stable 32.3 % stable 32.3 % stable 

Stability analysis of a landing gear mechanism with torsional degree of freedom

iii. Effects of the caster lengtheand half contact length a
on stability boundaries in the  k v plane for different 
values of Fz
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VII. RESULTS AND CONCLUSIONS 

  
1. Results and conclusions about the variation of 
stability in the e v plane and recommendations 
 A 5 % increase in  the half  contact  length a leads  to 

an  increase in  the unstable region  in the e v 
plane. 

 A 10 % increase in the half contact length a leads to 

a further increase in the unstable region in the e v 
plane. 

 A 5 % decrease in the half contact length a leads to 

an increase in the stable region in the  e v  plane. 
For the parameters considered, there were no 

instabilities in the e v plane for a high torsional 
spring Rate c. 

 A 10 % decrease in the half contact length a leads to 

a further increase in the stable region in the e v 
plane. For the parameters considered, there were no 

instabilities in the e v plane for a high torsional 
spring rate c. 

 The increments in the stable and unstable regions 
are greater for large values of the torsional spring 
rate c. 

 Increments in the half contact length lead to 

increments in the unstable region in the e v  plane. 
In other words, increasing the half contact length 
decreases stability. 

 Decrements in the half contact length lead to 

increments in the stable region in the e v  plane. In 
other words, decreasing the half contact length 
increases stability. 

  
2. Results and conclusions about the variation of 
stability in the  k v  plane and recommendations 

 A 5 % increase in the caster length e leads to an 

increase in the stable region in the k v  plane. 
There is a smaller increase in the stable region for 

large values of the relaxation length   such that the 
increase in the stable region is almost negligible for 
relaxation lengths above 0.12 m. 

 A 10 % increase in the caster length e leads to a 

further increase in the stable region in the k v 
plane. There is a smaller increase in the stable region 

for large values of relaxation length  and the 
increase in the stable region is almost negligible for 
relaxation lengths above 0.12 m. 

 A 5 % decrease in the caster length e leads to an 

increase in the unstable region in the k v  plane, 

especially for low velocities. There is a smaller 
increase in the unstable region for large values of the 

relaxation length such that the increase in the 
stable region is almost negligible for relaxation 
lengths above 0.12 m. 

 A 10 % decrease in the caster length e from leads to 

a further increase in the unstable region in the k v  
plane, especially for low velocities. There is a smaller 
increase in the unstable region for large values of 

relaxation length  and the increase in the unstable 
region is almost negligible for relaxation lengths 
above 0.12 m. 

 Increments in the stable and unstable regions are 

smaller for large values of the relaxation length . 
 Increments in the caster length lead to increments in 

the stable region in the k v  plane. In other words, 
increasing the caster length increases stability. 

 Decrements in the half contact length lead to 
increments in the unstable region in the k v plane. 
In other words, decreasing the caster length 
decreases stability.  

References  Références Referencias 

1. Hetreed, C., Preliminary nose landing gear shimmy 
analysis using MSC ADAMS Aircraft. MSC ADAMS 
North American User Conference.  

2. Roskam, J., 2000: Airplane Design, Part IV: Layout 
of Landing Gear and Systems, DAR Corporation.  

3. Nybakken, G. H., 1973: Investigation of Tire 
Parameter Variations in Wheel Shimmy, Dissertation, 
University of Michigan.  

4. Krüger, W., Besselink, I., Cowling, D., Doan, D. B., 
Kortüm, W., Krabacher, W., 1997: Aircraft Landing 
Gear Dynamics, Simulation and Control. Vehicle 
System Dynamics, vol. 28, pp. 119-158.  

5. Esmailzadeh, E., Farzaneh, K. A., 1999: Shimmy 
Vibration Analysis of Aircraft Landing Gears. Journal 
of Vibration and Control, vol. 5, pp. 45-56.  

6. Wood, G., Blundell, M., Sharma, S., 2011: A Low 
Parameter Tire Model for Aircraft Ground Dynamic 
Simulation, Materials and Design.  

7. Besselink, I. J. M., 2000: Shimmy of Aircraft Main 
Landing Gears, Dissertation, Technical University of 
Delft.  

8. Maas, J. W. L. H., 2009: A Comparison of Dynamic 
Tire Models for Vehicle Shimmy Stability Analysis, 
Dissertation, Eindhoven University of Technology.  

9. Esmailzadeh, E., Farzaneh, K. A., 1999: Shimmy 
Vibration Analysis of Aircraft Landing Gears. Journal 
of Vibration and Control, vol. 5, pp. 45-56.  

10. Sura, N. K., Suryanarayan, S., 2007: Lateral 
response of nonlinear nose-wheel landing gear 
models with torsional freeplay. Journal of Aircraft, 
vol. 44, no. 6, pp. 1991-1997.  

Stability analysis of a landing gear mechanism with torsional degree of freedom

© 2012  Global Journals Inc.  (US)

G
lo
ba

l 
Jo

ur
na

l 
of
 R

es
ea

rc
he

s 
in
 E

ng
in
ee

ri
ng

  
    
 

V
ol
um

e 
 X

II 
 I
ss
ue

 vvvvI
  

V
er
sio

n 
I 

  
  

  
  

  
  
  

  
  

26

(
DDDD

)
D

  
20

12
  

eb
ru
ar
y

F



11. Long, S. H., 2006: Active Control of Shimmy 
Oscillation in Aircraft Landing Gear, Dissertation, 
Concordia University.  

12. Sura, N. K., Suryanarayan, S., 2009: Lateral stability 
of aircraft nose-wheel landing gear with closed loop 
shimmy damper. Journal of Aircraft, vol. 46, no. 2, 
pp. 505-509.  

13. Podgorski, W. A., 1974: The Wheel Shimmy 
Problem, Its Relationship to Longitudinal Tire 
Forces, Vehicle Motions and Normal Load 
Oscillations, Dissertation: Cornell University.  

14. Gordon, J. T., 1977: A Perturbation Method for 
Predicting Amplitudes of Nonlinear Wheel Shimmy, 
Dissertation, University of Washington.  

15. Baumann, J. A., 1992: Aircraft Landing Gear 
Shimmy, Dissertation, University of Missouri.  

16. Stepan, G., 1991: Chaotic Motion of Wheels. Vehicle 
System Dynamics, vol. 20, no. 6, pp. 341-351.  

17. Besselink, I. J. M., Schmeitz, A. J. C., Pacejka, H. B., 
2010: An improved Magic Formula/Swift tire model 
that can handle inflation pressure changes. Vehicle 
System Dynamics, vol. 48, supplement, pp. 337-
352.  

18. Takacs, D., Orosz, G., Stepan, G., 2009: Delay 
effects in shimmy dynamics of wheels with 
stretched stringlike tires. European Journal of 
Mechanics A/Solids, vol. 28, pp. 516-525.  

19. Takacs, D., Stepan, G., 2009: Experiments on 
Quasiperiodic Wheel Shimmy. Journal of 
Computational and Nonlinear Dynamics, vol. 4.  

20. Thota, P., Krauskopf, B., Lowenberg, M., Coetzee, 
E., 2010: Influence of tire inflation pressure on nose 
landing gear shimmy. Journal of Aircraft, vol. 47, no. 
5, pp. 1697-1706.  

21. Thota, P., Krauskopf, B., Lowenberg, M., 2009: 
Interaction of torsion and lateral bending in aircraft 
nose landing gear shimmy. Nonlinear Dynamics, 
vol. 57, pp. 455-467.  

22. Plakhtienko, N. P., Shifrin, B. M., 2002: On 
Transverse Vibration of Aircraft Landing Gear. 
Strength of Materials, vol. 34, no. 6, pp. 584-591.  

23. Plakhtienko, N. P., Shifrin, B. M., 2006: Critical 
Shimmy Speed of Nonswiveling Landing Gear 
Wheels Subject to Lateral Loading. International 
Applied Mechanics, vol. 42, no. 9, pp. 1077-1084.  

24. Sura, N. K., Suryanarayan, S., 2007: Lateral 
response of nose-wheel landing gear system to 
ground induced excitation. Journal of Aircraft, vol. 
44, no. 6, pp. 1998-2005.  

25. Sura, N. K., Suryanarayan, S., 2007: Closed form 
analytical solution for the shimmy instability of nose 
wheel landing gears. Journal of Aircraft, vol. 44, no. 
6, pp. 1985-1990.  

26. Zhuravlev, V. P., Klimov, D. M., 2009: The causes of 
the shimmy phenomenon. Doklady Physics, vol. 54, 
no. 10, pp. 475-478.  

27. Thota, P., Krauskopf, B., Lowenberg, M., 2010: 
Bifurcation analysis of nose landing gear shimmy 
with lateral and longitudinal bending. Journal of 
Aircraft, vol. 47, no.1, pp. 87-95.  

28. Zhou, J. X., Zhang, L., 2005: Incremental harmonic 
balance method for predicting amplitudes of a multi 
dof nonlinear wheel shimmy system with combined 
Coulomb and quadratic damping. Journal of Sound 
and Vibration, vol. 279, pp. 403-416.  

29. Somieski, G., 1997: Shimmy Analysis of a Simple 
Aircraft Nose Landing Gear Model Using Different 
Mathematical Methods. Aerospace Science and 
Technology, no. 8, pp. 545-555.  

30. Chartier, B., Tuohy, B., Retallack, J., Tennant, S., -: 
Landing gear shock absorber. Research project. 
ftp://ftp.uniduisburg.de/FlightGear/Docs/Landing_G
ear_Shock_Absorber.pdf accessed on November 
23 2011  

 
 
 
 
 
 
 
 
 
 

Stability analysis of a landing gear mechanism with torsional degree of freedom

        

G
lo
ba

l 
Jo

ur
na

l 
of
 R

es
ea

rc
he

s 
in
 E

ng
in
ee

ri
ng

  
    
 

V
ol
um

e 
 X

II 
 I
ss
ue

 vvvvI
  

V
er
sio

n 
I 

  
  

  
  

  
  
  

  
  

27

(
DDDD

)
D

 ©  2012 Global Journals Inc.  (US)

  
20

12
  

eb
ru
ar
y

F



 
 

 
 

 

 
 
 
 
 
 
 
 
 
 

This page is intentionally left blank 

Stability analysis of a landing gear mechanism with torsional degree of freedom

© 2012  Global Journals Inc.  (US)

G
lo
ba

l 
Jo

ur
na

l 
of
 R

es
ea

rc
he

s 
in
 E

ng
in
ee

ri
ng

  
    
 

V
ol
um

e 
 X

II 
 I
ss
ue

 vvvvI
  

V
er
sio

n 
I 

  
  

  
  

  
  
  

  
  

28

(
DDDD

)
D

  
20

12
  

eb
ru
ar
y

F



© 2012 Chimpalthradi R. Ashok kumar. This is a research/review paper, distributed under the terms of the Creative Commons 
Attribution-Noncommercial 3.0 Unported License http://creativecommons.org/licenses/by-nc/3.0/), permitting all non commercial 
use, distribution, and reproduction in any medium, provided the original work is properly cited. 
 

Global Journal of researches in engineering 
Aerospace engineering 
Volume 12 Issue 1  Version 1.0  February  2012 
Type: Double Blind Peer Reviewed International Research Journal 
Publisher: Global Journals Inc. (USA) 
Online ISSN: 2249-4596 & Print ISSN: 0975-5861 

 

LQ Previewed Tracking For Biproper Systems  

By 
 
Chimpalthradi R. Ashok kumar

 
 
Jain

 
University Global Campus Jakkasandra Post, Kanakapura Taluk

 
Bangalore Rural, India

 

Abstract -
 
In linear quadratic previewed control, strictly proper

 
systems are used for tracking 

performance by the feedforward
 

control proportional to the measurable exogenous input.
 

However, state space models that employ sensors to measure
 
exogenous inputs are sometimes 

biproper. A classical
 
example for biproper system is a small aircraft regulation in

 
cruise condition 

where the gust inputs are measured but the
 
ride quality is deteriorated. For such systems, the 

previewed
 
control with a biproper system is required. In this paper, the

 
procedure for strictly 

proper system is extended and a
 
modified Riccati matrix differential equation for biproper

 
system 

is presented.
 

 

GJRE-D Classification: FOR Code: 090199
 

LQ Previewed Tracking For Biproper Systems

                                                 
 

 

                                                                    

Strictly as per the compliance and regulations of:

  

 

 
 
 
 
 
 
 
 
 
 



 

LQ Previewed Tracking For Biproper Systems 
 

Chimpalthradi R. Ashok kumar 

 
AAbstract - In linear quadratic previewed control, strictly proper 
systems are used for tracking performance by the feedforward 
control proportional to the measurable exogenous input. 
However, state space models that employ sensors to measure 
exogenous inputs are sometimes biproper. A classical 
example for biproper system is a small aircraft regulation in 
cruise condition where the gust inputs are measured but the 
ride quality is deteriorated. For such systems, the previewed 
control with a biproper system is required. In this paper, the 
procedure for strictly proper system is extended and a 
modified Riccati matrix differential equation for biproper 
system is presented.   

 
I. INTRODUCTION 

 
n linear quadratic previewed control, tracking 
performance by the feedforward control proportional 
to an exogenous input is well known [1-5]. The state 

space model in these problems incorporates a strictly 
proper system. However, models that employ sensors to 
measure exogenous inputs are sometimes biproper. A 
classical example is a small aircraft regulation in cruise 
condition wherein the normal acceleration is regulated 
for a smooth ride quality in the presence of gust inputs. 
For such systems, previewed control for biproper 
system is required. In this paper, the procedure for 
strictly proper system in Ref. 1 is extended and a 
modified Riccati matrix differential equation for biproper 
system is studied further.  

 
There is substantial progress in gust alleviation 

[6,7] and in structural control problems with 
accelerometers [8] that are biproper systems. Yet, 
especially in gust alleviation, investments for forward-
looking sensor have been made to measure the 
presence of gust ahead of a flight path [9]. We are 
required to use the previewed measurements and 
restore the performance in the time windows of gust 
using a feedforward control law. Therefore, linear 
quadratic previewed (LQP) control for biproper systems 
is considered.  In normal acceleration regulation, the 
inner loop controller is assumed fixed. Thus, the 
feedforward actions linear to the measurements of 
exogenous inputs are considered in simulation.    

 
It is possible to convert a biproper system into a 

strictly proper system and develop a  LQP control  within 
 

Author : Professor, Department of Aerospace Engineering, Jain 
University Global Campus Jakkasandra Post, Kanakapura Taluk 
Bangalore Rural, India, 562 112. Email: chimpalthradi@gmail.com  

the framework of strictly proper system. To this end, 
consider a scalar differential equation with respect to 
time, 

)()()(
)()()(

tdutnty
tbutantn  

 
The non-zero constant ‘d ’ defines a biproper system. 
With an actuator model, 

( ) ( ) ( )cu t u t g u t , 

the augmented system without the time variable in 
arguments becomes, 

 
0

( )
0

1 .

c

n a b n
u t

u u g

n
y d

u

 

 
By defining a command input ( )cu t , clearly the 

problem converts itself into a strictly proper system. 
However, the state feedback control problem 
simultaneously modifies itself into an output feedback 
problem. Thus a solution matrix to the Riccati differential 
equation (RDE) is not always direct as in the case of a 
state feedback system. In fact, a steady state solution 
using the algebraic Riccati equation itself calls for 
parameter optimization [10,11].   

In Section 2, modified RDE and its symmetric 
matrices are presented. Section 3 provides stability and 
optimality conditions to solve the RDE. In Section 4, a 
scalar example is used to compare the tracking 
performance of biproper and strictly proper systems. 
Conclusions are presented in Section 5. 
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II. MAIN RESULTS 

 
In deriving an optimal control law 

*( )u t , consider the following problem statement. 

                                                     
u

Minimize  ( , )J x u    (1) 

                         subject to the following constraints, 

         ( ) ( ) ( ) ( )x t Ax t Bu t Ew t        (2) 

        ( ) ( ) ( ) ( )y t Cx t Du t Fw t       (3) 

The state, input and output vectors are represented by nx R , mu R  and ry R , respectively. The 

disturbance input vector is given by pw R . The compatible matrices A, B, C, D and F are assumed to be time 
invariant. Define the cost function J, 

0

( ), ( ) { ( ), ( ) ( ), ( ) }
T

t

J e T Qe T e t Qe t u t Ru t dt   (4) 

Where, 1 2,v v  is the inner product for the compatible vectors 1v  and 2v . The error vector is 

( ) ( ) ( )e t z t y t  and ( )z t  is the reference inputs. The Hamiltonian with costate vector ( )p t  is, 

1 1
2 2( ), ( ) ( ), ( )

       ( ), ( ) ( ), ( ) ( ), ( )
H e t Qe t u t Ru t

Ax t p t Bu t p t Ew t p t
  (5) 

Following the necessary conditions for optimality, 

0  &   ( )
( ) ( )
H H

p t
u t x t

 

We have the control law as a function of the costate vector, 

1( ) [ ( )]u R D QD B p D QCx D Q z Fw    (6) 

( )p A p CQDu C QCx C Q z Fw     (7) 

Here (.)  refers the transpose of the vector or matrix (.) . For brevity, the time variable in the arguments is 

suppressed. Since 0Q (positive semidefinite) and 0R  (positive definite), the sufficient condition, 

2

2
ˆ 0,H
R R D QD

u  

for a minimum ( )u t  is met. Rewriting Eqn.(7) 

1 1ˆ ˆ( ) ( )[ ]p A p WR W C QC x C Q WR D Q z Fw ,  (8)  

the matrices W C QD and 1ˆA A BR W are defined. To derive RDE, consider the costate vector ( )p t

p Kx g (9)
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such that the control law in Eqn.(6) modifies to,

 

* 1
0

ˆ( ) { [ ]},   [ , ]u t R Kx B g D Q z Fw t t T .

   

(10)

 

The state feedback gain and the closed loop system matrix are defined as below,

 

K B K W

        

(11)

 

1 1ˆ ˆ [ ].cx A x BR B g Ew BR D Q z Fw

    

(12)

 

Note that in the stability matrix

 

1ˆ( )cA A BR B K , A

 

serves as an open loop matrix. It is important to

 

guarantee that the matrix cA

 

is stable. Consider the time derivative of

 

( )p t

 

in Eqn.

 

(9),

 

1 1

1

ˆ ˆ[ ]
ˆ     [ ]

p K KA KBR B K x KBR B g g

KEw KBR D Q z Fw

    

(13)

 

Equating the coefficients of like terms in Eqn.(7) and

 

(13), the RDE and g -equation for tracking performance are,

 

1 1ˆ ˆK KA A K KBR B K WR W C QC

   

(14)

 

1ˆ[( ) )] [ ]cg A g KB W R D C Q z Fw KEw

   

(15)

 

The boundary conditions for the forward integration are known to be

 

g(T) = 0 and

 

0 0( )K t K . For

 

finite 

duration optimal control problem in time

 

0[ , ]t T , the transversality conditions [1], lead to the

 

following end 

conditions,

 

1 1ˆ( ) [ ]K T S C QC WR W

      

(16)

 

1 1ˆ( ) [ ][ ( ) ( )]g T S C Q WR D Q z T Fw T

    

(17)

 

1ˆS I WR B

 

and W C QD

 

Note that when

 

( ) ( )Fw t z t , the reference signal

 

( )z t

 

is previewed. The optimal control law in

 

Eqn.(10) 
minimizing

 

J

 

can be stated as follows:

 

Control Law: Given the linear time invariant system 

 

( ) ( ) ( ) ( )x t Ax t Bu t Ew t

 

( ) ( ) ( ) ( )y t Cx t Du t Fw t

 

and the desired output ( )z t with error ( ) ( ) ( )e t z t y t . Given the cost functional J   

0

( ), ( ) { ( ), ( ) ( ), ( ) }
T

t

J e T Qe T e t Qe t u t Ru t dt
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Where

 

( )u t

 

is unconstrained, T

 

is specified,

 

R

 

is positive definite, and

 

Q

 

and

 

Q are positive

 

semidefinite. The optimal control exists, is unique, and is given by

 

* 1
0

ˆ( ) { [ ]},   [ , ]u t R Kx B g D Q z Fw t t T .

 

The n

 

by n

 

real, symmetric and positive definite matrix

 

K

 

in

 

K B K W

 

is the solution of the Riccati 
type matrix differential equation in Eqn. (14) with boundary condition in Eqn. (16). The vector ( )g t

 

(with

 

n

 

components) is the solution to the linear vector differential equation in Eqn. (15) with the boundary condition in Eqn. 
(17). The optimal trajectory is the solution of the linear differential equation in Eqn. (12). 

 
 

III.

 

STABILITY AND OPTIMALITY CONDITIONS

 

Consider matrix

 

Ĥ

 

and the sufficient condition

 

ˆ 0H

 

for local optimality, where

 

2 2

2

2 2

2

ˆ
ˆ

H H
Q Wx x uH

W RH H
u x u

.

 

In cases where

 

0D , a positive semidefinite

 

Ĥ

 

is guaranteed by the virtue

 

0Q

 

and

 

0R . In

 

biproper 

systems, however, it is necessary to select quadratic weights

 

0Q

 

and

 

0R

 

such that

 

Ĥ

 

is

 

positive 

semidefinite for a given non-zero

 

W . To derive stability, consider the algebraic Riccati

 

equation,

 

1 1ˆ ˆ0 KA A K KBR B K WR W C QC

 

and its counterpart, the Lyapunov matrix equation,

 

1 1 ˆˆ ˆ( )c cKA A K KBR B K WR W C QC Q .

 

Clearly, stability is guaranteed if

 

ˆ 0Q . Therefore, given

 

ˆ 0R

 

and

 

0Q , it is required to show that

 

ˆ 0Q . 
Consider the feedback part of the control law for stability,

 

1 1ˆ ˆ[ ]   or  u R B K W x R B Kx u W x .

   

(18)

 

To prove ˆ 0Q , let

 

1 1ˆ ˆ ˆ( )x Qx x KBR B K WR W C QC x

 

1 1ˆ ˆ( ) [ ]x KB u R W x x WR W C QC x

1ˆ( )x KBu x KB W R W x x C QCx

x KBu u W x x C QCx

( )u B K W x x C QCx

1ˆ ˆ0    0 and 0u R u x C QCx R Q Q.E.D
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Thus the new symmetric matrices in the algebraic and Lyapunov equations preserve stability and optimality 
conditions.

 

IV.

 

EXAMPLE

 

To illustrate the optimal control of biproper systems, a scalar example is considered.

 

x x u ew
y x du fw

 

Let

 

( ) 1( )z t t

 

and consider the boundary value problem

 

0( 0) 0x t , 1T , sin(60 )w t and

 

( ) ( ) 0k T g T . Eqn.(14) and

 

(15) for

 

( )k t

 

and

 

( )g t

 

with

 

1Q

 

and

 

R r

 

are,

 

2 2

2

2 1
ˆ ˆ

( )( ) [ 1][1 ]
ˆ

ˆ ,   (1 ),   
ˆ ˆ

c

c

k d
k ka

r r
k d d

g a g t fw ekw
r

d k
r r d a a a

r r

 

The optimal control law and the closed loop system are,

 

1[( ) (1 )]
ˆ

1 (1 )
ˆ ˆc

u k d x g d fw
r

d
x a x g fw ew

r r

 

 

In Figure 1, optimal trajectories for biproper (solid lines) and strictly proper (dotted lines) are compared. The 
presence of control input at the output node with a non-zero value for d introduces a steady state error in biproper 
systems. Further the rise time and settling time for strictly proper system is much faster than the biproper system. 
The control input and the solution to the Riccati differential equation are also plotted in Figure 1. 

Figure 1 : Tracking Performance of Typical Biproper System
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V.

 

CONCLUDING REMARKS

 

In this paper, linear quadratic previewed control 
for strictly proper system is extended to biproper 
systems. Modified Riccati differential equation is 
presented. For normal acceleration regulation in a small 
aircraft at time windows of a gust input, the results of 
this paper is extendible to a control configuration where 
the inner loop is fixed and outer loop is used for 
regulation. This aspect of the paper is under 
investigation for medium size aircraft. 
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On Dynamics of a Landing Gear Mechanism
With Torsional Freeplay

Elmas Atabay , Ibrahim Ozkol

AAbstract - In this study, dynamics of a landing gear 
mechanism with torsional degree of freedom and torsional 
freeplay is analyzed. Derivation of the equations of motion of 
the model with torsional degree of freedom and the von 
Schlippe tire model are presented. Freeplay is introduced into 
the model and effects of freeplay angles of 0 º, 0.5º, 1º and 
1.5º are observed by obtaining time histories of the torsion 
angle and lateral tire deformation and limit cycles of the torsion 
angle. Amplitudes and frequencies of oscillations of the time 
histories of the torsion angle and lateral tire deformation are 
presented.

I. INTRODUCTION

ibration of aircraft steering systems has been a 
problem of great concern since the production of 
first airplanes. Shimmy is an oscillatory motion of 

the landing gear in lateral and torsional directions, 
caused by the interaction between the dynamics of the 
tire and the landing gear, with a frequency range of 10–
30 Hz. Though it can occur in both nose and main 
landing gear, the first one is more common. Shimmy is a 
dangerous condition of selfexcited oscillations driven by 
the interaction between the tires and the ground that can 
occur in any wheeled vehicle. Problem of shimmy 
occurs in ground vehicle dynamics and aircraft during 
taxiing and landing. In other words, shimmy takes 
places either during landing, take–off or taxi and is 
driven by the kinetic energy of the forward motion of the 
aircraft. It is a combined motion of the wheel in lateral, 
torsional and longitudinal directions.

II. SHIMMY

Shimmy can occur in steerable wheels of cars, 
trucks and motorcycles, as well as trailers and tea carts. 
In vehicle dynamics, shimmy is the unwanted oscillation 
of a rolling wheel about a vertical axis. It can occur in 
taxiing aircraft, as well. In the case of a shopping cart 
wheel, it is caused by the coupling between transverse 
and pivot degrees of freedom of the wheel. In the case 
of landing gear, shimmy is the result of the coupling 
between tire forces and landing gear bending and 
torsion. In other words, basic cause of shimmy is energy 
transfer from tireground contact force and vibration 
modes of the landing gear system.

Shimmy is an unstable phenomenon and it 
occurring with a certain combination of parameters such 
as mass, elastic quantities, damping, geometrical 
quantities, speed, excitation forces  and   nonlinearities 

Author  : Istanbul Technical University, Department of Aeronautical 
Engineering, Maslak, Istanbul, Turkey. 
E-mail : anli@itu.edu.tr, ozkol@itu.edu.tr

such as friction and freeplay. It is difficult to determine 
shimmy analytically since it is a very complex 
phenomenon, due to factors such as wear and ground 
conditions that are hard to model. Small differences in 
physical conditions can lead to extremely different 
results. For example, it is reported in [1] that a new small 
fighter aircraft whose name is withheld, has displayed to 
vibrations during low and high speed taxi tests and first 
several landings and takeoffs, but shimmy vibrations 
with frequencies in the range 22–26 Hz were 
experienced during next several landings and take–offs 
at certain speeds, especially during landing. This 
demonstrates the effect of wear on landing gear 
shimmy. In the reported case, it was seen that tightening 
the rack too tight against the pinion prevented the wheel 
from turning, while tightening it less tight caused the 
vibration to disappear but reappear in the following 
flights.

Ground control of aircraft is extremely important 
since severe shimmy can result in loss of control or 
fatigue failure of landing gear components. Vibration of 
aircraft steering systems deserves and has gained 
attention since shimmy is one of the most important 
problems in landing gear design. Shimmy is reported to 
be due to the forces produced by runway surface 
irregularities and nonuniformities of the wheels [2–5]. 
Modeling of aircraft tires presents similar challenges to 
those involved in modeling automotive tires in ground 
vehicle dynamics, on a much larger scale in terms size 
and loads on the tire [6].

Shimmy is a complex phenomenon influenced 
by many parameters. Causes of shimmy can be listed 
as follows [2,7–10].

Insufficient overall torsional stiffness of the gear 
about the swivel axis

Inadequate trail, since positive trail reduces 
shimmy

Improper wheel mass balancing about the swivel 
axis
Excessive torsional freeplay

Low torsional stiffness of the strut

Flexibilities in the design of the suspension
Surface irregularities
Nonuniformities of the wheels
Worn parts

V

G
lo
ba

l 
Jo

ur
na

l 
of
 R

es
ea

rc
he

s 
in
 E

ng
in
ee

ri
ng

  
    
 

V
ol
um

e 
 X

II 
 I
ss
ue

 vvvvI
  

V
er
sio

n 
I 

  
  

  
  

  
  
  

  
  

35

(
DDDD

)
D

 ©  2012 Global Journals Inc.  (US)

  
20

12
  

eb
ru
ar
y

F



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

III. DETECTION AND SUPPRESSION OF 

SHIMMY

Shimmy is a great concern in aircraft landing 
gear design and maintenance. Prediction of nose
landing gear shimmy is an essential step in landing gear 
design because shimmy oscillations are often detected 
during the taxi or runway tests of an aircraft, when it is 
no longer feasible to make changes on the geometry or 
stiffness of the landing gear. Although shimmy was 
observed in earlier aircraft as well, there were no extra 
shimmy damping equipments installed. Historically, 
France and Germany tended to deal with shimmy in the 
design phase, while in United States, the trend was to 
solve the problem after its occurrence. Currently, the 
general methodology is to employ a shimmy damper 
and structural damping. A shimmy damper, acting like a 
shock absorber in a rotary manner, is often installed in 
the steering degree of freedom to damp shimmy. It is a 
hydraulic damper with stroke limited to a few degrees of 
yaw. A shimmy damper restrains the movement of the 
nose wheel, allowing the wheel to be steered by moving 
it slowly, but not allowing it to move back and forth 
rapidly. It consists of a tube filled with hydraulic fluid 
causing velocity dependent viscous damping forces to 
form when a shaft and piston are moved through the 
fluid. Oleo–pneumatic shock absorbers are the most 
common shock absorber system in medium to large 
aircraft, since they provide the best shock absorption 
ability and effective damping. Such an absorber has two
components: a chamber filled with compressed gas, 
acting as a spring and absorbing the vertical shock and 
hydraulic fluid forced through a small orifice, forming 
friction, slowing the oil and causing damping. Another 
common cure is to replace the tires even though they 
may not be worn out [10–12].

Shimmy started being investigated in 1920’s 
both theoretically and experimentally and soon it 
became clear that it is caused not by a single parameter 
but by the relationships between parameters. Effects of 
acceleration and deceleration on shimmy have been 
reported to be examined, and the accelerating system is 
found to be slightly less stable [13]. Number of 
publications available in literature on landing gear 
shimmy is limited because many developments are 
proprietary and are not published in literature.

IV. LITERATURE SURVEY

Many papers have been published addressing 
shimmy as a vehicle dynamics problem. In that 
perspective, tire is the most important item, and tire 
models have been investigated. [13] examines the 
wheel shimmy problem and its relationship with 
longitudinal tire forces, vehicle motions and normal load 
oscillations. [8] compares different dynamic tire models 
for the analysis of shimmy instability. [3] is an 
investigation of tire parameter variations in wheel 
shimmy, by considering the shimmy resulting from the 

elasticity of a pneumatic tire, particularly in taxiing 
aircraft. [14] is on the application of perturbation 
methods to investigate the limit cycle amplitude and
stability of the wheel shimmy problem. [7] deals with the
shimmy stability of twin–wheeled cantilevered aircraft
main landing gear. The objective in [15] is to develop 
software on assessing shimmy stability of a general 
class of landing gear designs using linear and nonlinear 
landing gear shimmy models. [16] studies the periodic
shimmy vibrations and chaotic vibrations of a simplified 
wheel model using bifurcation theory. [17] is on tire
dynamics and is a development to deal with large 
camber angles and inflation pressure changes. [18] is 
another study on tire dynamics, where stability charts 
show the behavior of the system in terms of certain 
parameters such as speed, caster length, damping 
coefficient and relaxation length. [19] is an experimental 
study on wheel shimmy where system parameters are 
identified, stability boundaries and vibration frequencies 
are obtained on a test rig for an elastic tire. Dependence 
of shimmy oscillations in the nose landing gear of an 
aircraft on tire inflation pressure are investigated in [20]. 
The model derived in [21] is used and it is concluded 
that landing gear is less susceptible to shimmy 
oscillations at inflation pressures higher than the 
nominal.

Transverse vibrations of landing gear struts with 
respect to a hull of infinite mass have been studied 
theoretically in [22]. Similarly, [23] presents a nonlinear 
model describing the dynamics of the main gear wheels 
relative to the fuselage.

Lateral dynamics of nose landing gear shimmy 
models has gained some attention. Lateral response of 
a nose landing gear has been investigated in [10] where 
nonlinearities arise due to torsional freeplay. In [24], 
lateral response to ground–induced excitations due to 
runway roughness is taken into consideration as well. 
Lateral stability of a nose landing gear with a closed 
loop hydraulic shimmy damper is presented in [12]. 
Closed form analytical expressions for shimmy velocity 
and shimmy frequency are derived in regard to the 
lateral dynamics of a nose landing gear in [25].

A dynamic model of an aircraft nosegear is 
developed in [9] and effects of design parameters such 
as energy absorption coefficient of the shimmy damper, 
the location of the center of gravity of the landing gear, 
shock strut elasticity, tire compliance, friction between 
the tire and the runway surface and the forward speed 
on shimmy are investigated. It is shown in [26] that dry 
friction is one of the principal causes of shimmy.

Bifurcation analysis of a nosegear with torsional 
and lateral degrees of freedom is performed in [21]. 
Similarly, bifurcation analysis of a nosegear with 
torsional, lateral and longitudinal modes is performed in 
[27]. In a more mathematical study, incremental 
harmonic balance method is applied to an aircraft wheel 
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shimmy system with Coulomb and quadratic damping 
[28] and amplitudes of limit cycles are predicted.



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Theoretical research on shimmy has a long 
history, with the initial focus on tire dynamic behavior 
because tires play an important role in causing shimmy 
instability. Theories on tire models can be divided into 
stretched string models and point contact models. In the 
stretched string model proposed by von Schlippe, the 
tire centerline is represented as a string in tension, the 
tire sidewalls are represented by a distributed spring 
where the string rests and the wheel is represented by a 
rigid foundation for the spring. Pacejka has proposed 
replacing the string by a beam. The point contact 
method assumes the effects of the ground on the tire 
act at a single contact point and is much easier to 
implement in an analytical model.

V. MATHEMATICAL MODE

a) Landing gear model
In this study, dynamics of a landing gear model 

with torsional degree of freedom and torsional freeplay 
is analyzed. The nonlinear mathematical shimmy model 
presented in [11], [29] and [30] describes the torsional
dynamics of the lower parts of a landing gear 
mechanism and stretched string tire model. Figures 1 a 
and b show the physical and mathematical nose landing 
gear models. Dynamics of the lower part of the landing 
gear is described by a second order ordinary differential 
equation for the yaw angley about the vertical axis z , 
while the dynamics of the tire modeled with respect to 
the stretched string tire model is described by a first 
order ordinary differential equation for the lateral tire 
deflection y .

Figure 1: a. Nose landing gear model [30], b. shimmy dynamics model [29].
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                            (1)

where Iz is the moment of inertia about the z axis,
M1 is the linear spring moment between the turning tube 
and the torque link,
M2 is the combined damping moment from viscous 
friction in the bearings of the oleo–pneumatic
shock absorber and from the shimmy damper,

4321 MMMMI z +++=ψ

M3 is the tire moment about the z axis and
M4 is the tire damping moment due to tire tread width..
M1 and M4 are external moments.
M3 and  M4 are caused by lateral tire deformations due 
to side slip.
M3 is composed of Mz , tire aligning moment about the 
tire center, and tire cornering moment eFy . Fy is the 
wheel cornering force or the sideslip force acting with 
caster e as lever arm.

(2)

(3)

(4)

(5)

where k is the torsional spring rate, c is the 
torsional damping constant, v is the taxiing velocity and 
k is the tread width moment constant defined as [29]

ψkM =1

ψcM =2

yz eFMM −=3

ψ
κ

v
M =4

zF Fca ακ 215.0−= (6)

Fy and Mz depend on the vertical force Fz and 
slip angle    . Tire sideslip characteristics are nonlinear.
Cornering force Fy and vertical force Fz are related as



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(7)

(8)

Where    is the limiting slip angle or the limit 
angle of tire force and sign    is the sign function defined 
as

(9)

Slip angle may be caused by either pure yaw or 
pure sideslip. Pure yaw occurs when the yaw angle  is 
allowed to vary while the lateral deflection y is held at 
zero. Pure sideslip, on the other hand, occurs when the 
lateral deflection y is allowed to vary as the yaw angle
is held at zero [11].

An expression is given for the nonlinear sideslip 
characteristic in the widely used Magic Formula [7, 11, 
17] as the following

(10)

where B,C, D and Eare functions of the wheel 
load, slip angle, slip ratio and camber. B and E are 
related to vertical force Fz , C is the shape factor and D
is the peak value of the curve.

Plots of          versus     will not be presented 
here due to lack of space, but they have similar 
characteristics when obtained using either (7) and (8) or 
the Magic Formula, thus the simple approximations 
given by (7) and (8) are used instead of the complicated 
Magic Formula. Only force and moment derivatives are 
needed as parameters for (7) and (8).

Aligning moment Mz is defined using a half–
period sine.           is approximated by a sinusoidal 
function and the constant zero given by (11) and (12).

(11)

(12)

where           is the limiting angle of tire moment.

b) Tire model
Tire is modeled using the elastic string theory. 

Lateral deflection of the tire is described as [11,29]

(13)

Ground forces are transmitted to the wheel 
through the tire, and these forces acting on the tire 
footprint deflect the tire. Elastic string theory states that 

lateral deflection y of the leading contact point of the tire 
with respect to tire plane can be described as a first 
order differential equation given by (13). This equation is 
derived as follows.

Tire sideslip velocity V t is expressed as

(14)

Where           is the time constant,    is the 

relaxation length, which is the ratio of the slip stiffness to
longitudinal force stiffness. The tire also undergoes yaw 
motion, leading to a yaw velocity Vr which is 
approximated as
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ααFzy cFF = ,  for δα ≤

( )αδα signcFF Fzy = , for δα >

δ
( )α

( )
≤−

>
=

δα

δα
α

if,1

if,1
sign

ψ

ψ

( )( ){ }[ ]ααα BBEBCDFy arctanarctansin −−=

zy FF α

zz FM

= α
α

α
α

g

g

Mzz cFM
180

sin
180

, for gαα ≤

0=zz FM ,    for gαα >

gα

( )ψψ
σ

aevy
v

y −+=+

τ

y
yVt +=

V
σ

τ = σ

( )ψψ aevVr −+= (15)

As the wheel rolls on the ground,

(16)

Substituting (14) and (15) into (16) yields (13).
An equivalent side slip angle caused by lateral 

deflection is used to compute cornering force Fy and 
aligning moment Mz and is approximated as        

rt VV =

(17)

Equations (1), (13) and (17) constitute the 
governing equations of the torsional motion of the 
landing gear and include nonlinear tire force and 
moment. Parameters of a light aircraft used in the 
computations are given in table 1.

σ
αα

y
=≈ arctan



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1: Parameters used in the torsional dynamics.

c) Linearization
In order to use linear analysis tools, nonlinear 

landing gear model has to be linearized. Following this, 
linear stability analysis will be performed.

within a small range of the side slip angle  , 
cornering force Fy and the ratio Mz / Fz can be 
approximated proportional to the side slip angle. Based 
on this assumption, substituting equations (7), (8), (11) 
and (12) into (4) yields (20), the complete expression for 
the tire moment  M3

(18)

(19)

(20)
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Parameter Description Value Unit 
v  velocity 0…80 m/s 
a  half contact length 0.1 m 
e  caster length 0.1 m 

zI moment of inertia 1 kg m2

zF vertical force 9000 N 

c  torsional spring rate -100000 Nm/rad 

αFc side force derivative 20 1/rad 

αMc moment derivative -2 m/rad 

k torsional damping constant 0…-50 Nm/rad/s 

κ tread width moment constant -270 Nm2/rad 

a3=σ relaxation length 0.3 m 

gα limit angle of tire moment 10 deg 

δ limit angle of tire force 5 deg 

α

( ) >
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=
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180

sin
180
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α
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3

Substituting (17) into (20) and expressing M3 in the neighborhood of a = 0 or y = 0 yields

(21)
zFz

g

g

M F
y

ecF
y

cM
σσα

α
αα −=

180
sin

1803



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

M3 can be linearized using the Taylor series expansion as

(22)

Defining the state variables as                   gives 
the linearized model as three ordinary differential 
equations of first order as

(23)

where

(24)

(25)

(26)

(27)

(28)

VI. FREEPLAY

Freeplay is a type of concentrated structural 
nonlinearity inherent in many mechanical systems. Such
concentrated structural nonlinearities, such as cubic, 
freeplay and hysteresis stiffnesses, have significant 
effects on aeroelastic responses of airfoil surfaces. 
Freeplay gives the most critical flutter condition among 
the three and is inevitable for control surfaces due to 
wear and manufacturing errors. It exists in the hinge part 
of the control surfaces of most flight vehicles and is 
generated from loose or worn hinge connections, joint 
slippage and manufacturing tolerances. Freeplay may 
couple with aerodynamic effects and cause limit cycle 
oscillations during flight, leading to structural damage 
due to fatigue. Thus, it is crucial to incorporate freeplay 
into the equations of motion and to predict its effects in 
advance. Freeplay nonlinearity causes structural 
stiffness to become piecewise continuous. A spring is 
often used in literature to represent worn or loose control 
surface hinges. Most of the literature considering the 
effect of freeplay concentrates on problems of 
aeroelasticity. Missile control surfaces, moveable aircraft 

lifting surfaces such as horizontal tails or rotatable 
pylons on aircraft with variable sweep exhibit freeplay 
that can be potentially dangerous from an aeroelastic 
perspective, in terms of flutter conditions. It is found that 
limit cycle oscillations in the case of freeplay nonlinearity 
occur below the linear flutter speed boundary, which 
means the critical flutter speed is below that of the 
system without freeplay. Additionally, freeplay may 
cause instabilities both above and below the flutter 
speed predicted by the linear theory. Responses to 
freeplay include nonlinear phenomena such as limit 
cycle oscillations and even chaotic responses. Limit 
cycle oscillations are likely to occur in the presence of 
freeplay nonlinearities, leading to fatigue and damage in 
the long run. The possibility of even small freeplay 
angles leading to severe instabilities dangerous fatigue 
conditions are shown in literature [31–34,35,36,37].

Cyclic loading occurs during taxi due to runway 
surface irregularities, which may lead to wear in 
mechanical components of the landing gear, including 
freeplay in the rack and pinion of the steering system, 
interlinkages of the torque link, fuselage attachment 
points, steering collar and wheel axle [38].

Freeplay is hard to avoid in loose or old joints. 
Its existence may affect the system response, even 
leading to chaos, however harmful results can be 
avoided if possible limit cycle oscillations or chaotic 
motion are known in advance. Therefore, it is important 
to determine the possibility of the existence of such 
motions before they occur [31–33]. Additionally, freeplay 
will have an effect on the response of the system to a 
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control law that was initially designed for the linear
model [39]. Although freeplay is often linearized or 
ignored in calculations, it is necessary to compare the 
responses of the systems with and without freeplay. 
Amount of freeplay present in the studies mentioned 
here are in the range 0.1º–2.12º.

Various parts of the landing gear move with 
respect to each other during landing impact and when 
retracted. Freeplay at the wheel axle due to the 
contributions from various connections are less then 
one degree in yaw and in the order of millimeters in the 
lateral and fore/aft directions. It has been verified 
experimentally that the amount of freeplay is a function 
of the shock absorber deflection. Free play will increase 
with the number of flights. Application of tight tolerances 
might help in solving shimmy problems in the prototype 
phase, however, the problem will reoccur when the 
aircraft is in service, due to wear [7].



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

VII. Literature Survey On Freeplay

A literature survey on freeplay reveals that 
freeplay has been considered mostly by researchers 
working on the fluid–structure interaction problem. 
Flutter analysis of airfoils with freeplay nonlinearities in 
pitch degree of freedom subject to incompressible flow 
have gained some attention. Limit cycle oscillations of 
airfoils having two degrees of freedom and freeplay 
nonlinearities in pitch, placed in transonic and 
supersonic flows are investigated in [31] and [32], 
respectively. Similar numerical studies investigating the 
same model are [40], where the model is placed in 
subsonic and transonic flows, [37], where the model is 
placed in transonic and low supersonic flows, and [41], 
where the model is placed in turbulent flow. Bifurcation 
analysis of the same system with two degrees of 
freedom is conducted in [42].

Mathematical analysis of the behavior of a two 
dimensional aeroelastic system with freeplay nonlinearity 
is presented in [43] and two formulations are developed. 
Formulations are extended for a hysteresis model in 
[44]. Unlike a freeplay model which consists of three 
linear subsystems, a hysteresis model consists of six.

Bifurcation analysis an airfoil having two 
degrees of freedom with both freeplay and cubic 
stiffness nonlinearities in pitch placed in supersonic flow 
has been conducted in [35]. Bifurcation analysis of an 
aircraft with freeplay nonlinearity is conducted in [45]. 
Limit cycle oscillations of an airfoil with two degrees of 
freedo having freeplay in the pitching degree of freedom 
are examined experimentally and theoretically in [34]. An
experimental delta wing model with freeplay at the 
attachment points is designed and tested in [46], and its 
gust response is investigated in [47]. Effect of freeplay 
on the aerodynamic response, such as limit cycle flutter, 
has been examined. It has been found that the 
amplitude and position of the limit cycle varies with the 
magnitude of freeplay. Effects of variations in 
parameters have been examined for both the damped 
and limit cycle oscillations. Critical flutter speeds are 
predicted.

Hinges of control surfaces often demonstrate 
freeplay nonlinearity. [48] is a study examining the limit 
cycle oscillations of a combination of an airfoil and an 
aileron, resulting in three degrees of freedom, with 
freeplay in the aileron hinge. Aeroelastic response of 
other two dimensional systems having control surface 
freeplay nonlinearity are studied using the harmonic 
balance approach in [49] and both numerically and 
experimentally in [39]. A dissertation was presented to 
Duke University in 2000, covering the dynamics of a two 
dimensional aeroelastic system with control surface 
freeplay nonlinearity, both experimentally and 
mathematically [50]. Limit cycle oscillations are 
observed. The system is very similar to the one given in 
[48], a combination of an airfoil with an aileron.

A three dimensional control surface with play is 
investigated in [51] to demonstrate the effects of angle 
of attack and Mach number. Flutter analysis of a missile 
wing having freeplay in it the rotation degree of freedom 
of the wing control mechanism is conducted in [33] by 
investigating limit cycles and chaotic motion. Results 
state that the system response depends on the amount 
of freeplay and initial conditions.

A study on a mechanical system exhibiting 
freeplay nonlinearity is studied both numerically and 
experimentally in [36] where the problem of developing 
a mathematical model and performing a simulation of 
the dynamics of systems exhibiting freeplay nonlinearity 
is addressed. Contact due to freeplay is considered, 
constraints are formulized and the stability of an aircraft 
wing displaying freeplay in the hinge supporting a 
control surface is investigated. Freeplay is considered 
as one of the rotor faults in the simulation of helicopter 
structural damages in [52].

Freeplay model used in this study is based on 
the ones in [31] and [38]. Dynamics of a landing gear 
mechanism with freeplay in the torsional degree of 
freedom is analyzed in [38], while dynamic behavior of a 
two dimensional airfoil with freeplay in pitch, oscillating 
in pitch and plunge directions, subjected to inviscid,
transonic flow is analyzed in [31]. Both freeplay 
nonlinearities are modeled using the same principle and
formulation, although the two studies are in two very 
distinct disciplines. Same formulation as in [31] is
employed in [40,93], and mathematical models given in 
[32,33,35,37,41–43,48] are also similar .

Freeplay is modeled as a nonlinear spring as in 
figure 2, where some deflection is possible before a 
force develops and the spring force is zero if the 
amplitude remains within the freeplay band. 
Formulations have been suggested in literature to 
determine an equivalent linear stiffness.
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Figure 2 : Modeling of freeplay [7].

Equation 34 gives the piecewise continuous 
restoring moment function similar to the one used in 

[38] to describe the concentrated nonlinearity at the 
torsional degree of freedom.

(29)

Torsion is denoted by      is the stiffness coefficientand        is the freeplay angle.

VIII. INCORPORATION OF FREEPLAY INTO 

THE LANDING GEAR MODEL

Torsional freeplay is incorporated into the 
equations of motion of the landing gear. Results are 
displayed for various  values  of  the freeplay angle
within the range 0º–2º, as this is the range employed in 
literature. Freeplay has been incorporated into the 
equations of motion of landing gear mechanisms in very 
few studies literature [38].

Freeplay model given in (29) can be 
incorporated in the equations of motion in two ways. 
One of them, is to linearize the model as in (23)–(28) 
and substitute (29) into           in (23). This way, the only 
nonlinearity in the model is freeplay nonlinearity such 
that the second equation in (23) becomes

(30)

Second way of incorporating freeplay 
nonlinearity in the model is to obtain a more realistic 
model by substituting (29) directly into the nonlinear 
model. This is the approach taken here. Nonlinear 
equations are integrated using the fourth order Runge–
Kutta algorithm.

IX. RESULTS

Effects of freeplay are observed by obtaining 
time histories of the torsion angle and lateral tire 
deformation and limit cycles. Freeplay angles of 0º, 0.5º, 
1º and 1.5º are incorporated. Amplitudes and 
frequencies of oscillations of the time histories of the 
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torsion angle and lateral tire deformation are presented 
in tables 2 and 3, respectively.

a) Effect of freeplay on the torsion angle
Time histories of the torsion angle are 

presented for freeplay angles of 0º, 0.5º, 1º and 1.5º in 
figures 3–6 for      (0) = 0.1. Amplitudes and frequencies 
of oscillations of the time histories of the torsion angle 
are presented in table 2.
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Figure 3 : Torsion angle for        of 0º.              Figure 4 : Torsion angle for        of 0.5º.

Figure 5 : Torsion angle         of 1º.         Figure 6 : Torsion angle for                 of 1.5º.

Table 2 : Amplitudes and frequencies of the torsion 
angle for various

b) Effect of freeplay on the lateral tire deformation
Time histories of the lateral tire deformation are 

presented for freeplay angles of 0º, 0.5º, 1º and 1.5º in 
figures 7–10 for   (0) = 0.01 and in figures 11–14 for
(0) = 0.1. Amplitudes and frequencies of oscillations of
the time histories of the lateral tire deformation are 
presented in table 3 for    (0) = 0.01 and in table 4 for

                  

(0) = 0.1.
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Figure 7 : Lateral tire deformation for of 0º.         Figure 8 : Lateral tire deformation for of 0.5º.
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Figure 9 : Lateral tire deformation for        of 1º.          Figure10 : Lateral tire deformation for       of 1.5º.

Table 3 : Amplitudes and frequencies of the lateral tire deformation for various       and     (0) = 0.01.

Figure11: Lateral tire deformation for     of 0º.        Figure 12 : Lateral tire deformation for          of 0.5º.
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Figure13 : Lateral tire deformation for        of 1º.         Figure14 : Lateral tire deformation for      of 1.5º.
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Table 4 : Amplitudes and frequencies of the lateral tire deformation for various       and                   .

c) Effect of freeplay on limit cycles

Limit cycles of the torsion angle are obtained for                   in figures 15–18 and for           1for figures 19–22.

Figure 15 : Limit cycle for     
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Figure 16 : Limit cycle for                                                   fpψ of 0.5º and ( ) 01.00 =ψ . 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17 : Limit cycle for 

                                                

Figure 18 : Limit cycle for 
                                                .
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fpψ of 1º and ( ) 01.00 =ψ . 

fpψ of 1.5º and ( ) 01.00 =ψ . 

Figure 19 : Limit cycle for        
fpψ of 0º and ( ) 10 =ψ . 
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Figure 20 : Limit cycle for                                          

.

Figure 21: Limit cycle for            

                                     .
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fpψ of 0.5º and ( ) 10 =ψ . 

fpψ of 1º and ( ) 10 =ψ . 

Figure 22 : Limit cycle for       
fpψ of 1.5º and ( ) 10 =ψ . 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                  

Effect of freeplay on the torsion angle and 
lateral tire deformation are observed. By observing 
tables 2–4 it can be stated that the existence of a 
freeplay angle prevents shimmy damping of the system 
with the same physical parameters. The increase in the 
freeplay angle increases shimmy amplitude. A 0.5º 
increase of the freeplay angle from 0.5º to 1º doubles 
the amplitude in all 3 cases. Another 0.5º increase in the 
freeplay angle from 1º to 1.5º causes a 25% increase in 
the amplitude of the torsion angle and a 55% increase in 
the amplitude of the lateral tire deformation.
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Process of submission of Research Paper     
  

The Area or field of specialization may or may not be of any category as mentioned in 
‘Scope of Journal’ menu of the GlobalJournals.org website. There are 37 Research 
Journal categorized with Six parental Journals GJCST, GJMR, GJRE, GJMBR, GJSFR, 
GJHSS. For Authors should prefer the mentioned categories. There are three widely 
used systems UDC, DDC and LCC. The details are available as ‘Knowledge Abstract’ at 
Home page. The major advantage of this coding is that, the research work will be 
exposed to and shared with all over the world as we are being abstracted and indexed 
worldwide.  

The paper should be in proper format. The format can be downloaded from first page of 
‘Author Guideline’ Menu. The Author is expected to follow the general rules as 
mentioned in this menu. The paper should be written in MS-Word Format 
(*.DOC,*.DOCX). 

 The Author can submit the paper either online or offline. The authors should prefer 
online submission.Online Submission: There are three ways to submit your paper: 

(A) (I) First, register yourself using top right corner of Home page then Login. If you 
are already registered, then login using your username and password. 

      (II) Choose corresponding Journal. 

      (III) Click ‘Submit Manuscript’.  Fill required information and Upload the paper. 

(B) If you are using Internet Explorer, then Direct Submission through Homepage is 
also available. 

(C) If these two are not conveninet , and then email the paper directly to 
dean@globaljournals.org.  

Offline Submission: Author can send the typed form of paper by Post. However, online 
submission should be preferred.                    
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Preferred Author Guidelines    

MANUSCRIPT STYLE INSTRUCTION (Must be strictly followed) 

 Page Size: 8.27" X 11'" 

• Left Margin: 0.65 
• Right Margin: 0.65 
• Top Margin: 0.75 
• Bottom Margin: 0.75 
• Font type of all text should be Swis 721 Lt BT.  
• Paper Title should be of Font Size 24 with one Column section. 
• Author Name in Font Size of 11 with one column as of Title. 
• Abstract Font size of 9 Bold, “Abstract” word in Italic Bold. 
• Main Text: Font size 10 with justified two columns section 
• Two Column with Equal Column with of 3.38 and Gaping of .2 
• First Character must be three lines Drop capped. 
• Paragraph before Spacing of 1 pt and After of 0 pt. 
• Line Spacing of 1 pt 
• Large Images must be in One Column 
• Numbering of First Main Headings (Heading 1) must be in Roman Letters, Capital Letter, and Font Size of 10. 
• Numbering of Second Main Headings (Heading 2) must be in Alphabets, Italic, and Font Size of 10. 

You can use your own standard format also. 
Author Guidelines: 

1. General, 

2. Ethical Guidelines, 

3. Submission of Manuscripts, 

4. Manuscript’s Category, 

5. Structure and Format of Manuscript, 

6. After Acceptance. 

1. GENERAL 

 Before submitting your research paper, one is advised to go through the details as mentioned in following heads. It will be beneficial, 
while peer reviewer justify your paper for publication. 

Scope 

The Global Journals Inc. (US) welcome the submission of original paper, review paper, survey article relevant to the all the streams of 
Philosophy and knowledge. The Global Journals Inc. (US) is parental platform for Global Journal of Computer Science and Technology, 
Researches in Engineering, Medical Research, Science Frontier Research, Human Social Science, Management, and Business organization. 
The choice of specific field can be done otherwise as following in Abstracting and Indexing Page on this Website. As the all Global 
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Journals Inc. (US) are being abstracted and indexed (in process) by most of the reputed organizations. Topics of only narrow interest will 
not be accepted unless they have wider potential or consequences. 

2. ETHICAL GUIDELINES 

 Authors should follow the ethical guidelines as mentioned below for publication of research paper and research activities. 

Papers are accepted on strict understanding that the material in whole or in part has not been, nor is being, considered for publication 
elsewhere. If the paper once accepted by Global Journals Inc. (US) and Editorial Board, will become the copyright of the Global Journals 
Inc. (US). 

Authorship: The authors and coauthors should have active contribution to conception design, analysis and interpretation of findings. 
They should critically review the contents and drafting of the paper. All should approve the final version of the paper before 
submission 

The Global Journals Inc. (US) follows the definition of authorship set up by the Global Academy of Research and Development. According 
to the Global Academy of R&D authorship, criteria must be based on: 

1) Substantial contributions to conception and acquisition of data, analysis and interpretation of the findings. 

2) Drafting the paper and revising it critically regarding important academic content. 

3) Final approval of the version of the paper to be published. 

All authors should have been credited according to their appropriate contribution in research activity and preparing paper. Contributors 
who do not match the criteria as authors may be mentioned under Acknowledgement. 

Acknowledgements: Contributors to the research other than authors credited should be mentioned under acknowledgement. The 
specifications of the source of funding for the research if appropriate can be included. Suppliers of resources may be mentioned along 
with address. 

Appeal of Decision: The Editorial Board’s decision on publication of the paper is final and cannot be appealed elsewhere. 

Permissions: It is the author's responsibility to have prior permission if all or parts of earlier published illustrations are used in this 
paper. 

Please mention proper reference and appropriate acknowledgements wherever expected. 

If all or parts of previously published illustrations are used, permission must be taken from the copyright holder concerned. It is the 
author's responsibility to take these in writing. 

Approval for reproduction/modification of any information (including figures and tables) published elsewhere must be obtained by the 
authors/copyright holders before submission of the manuscript. Contributors (Authors) are responsible for any copyright fee involved. 

3. SUBMISSION OF MANUSCRIPTS 

 Manuscripts should be uploaded via this online submission page. The online submission is most efficient method for submission of 
papers, as it enables rapid distribution of manuscripts and consequently speeds up the review procedure. It also enables authors to 
know the status of their own manuscripts by emailing us. Complete instructions for submitting a paper is available below. 

Manuscript submission is a systematic procedure and little preparation is required beyond having all parts of your manuscript in a given 
format and a computer with an Internet connection and a Web browser. Full help and instructions are provided on-screen. As an author, 
you will be prompted for login and manuscript details as Field of Paper and then to upload your manuscript file(s) according to the 
instructions. 
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To avoid postal delays, all transaction is preferred by e-mail. A finished manuscript submission is confirmed by e-mail immediately and 
your paper enters the editorial process with no postal delays. When a conclusion is made about the publication of your paper by our 
Editorial Board, revisions can be submitted online with the same procedure, with an occasion to view and respond to all comments. 

Complete support for both authors and co-author is provided. 

4. MANUSCRIPT’S CATEGORY 

Based on potential and nature, the manuscript can be categorized under the following heads: 

Original research paper: Such papers are reports of high-level significant original research work. 

Review papers: These are concise, significant but helpful and decisive topics for young researchers. 

Research articles: These are handled with small investigation and applications 

Research letters: The letters are small and concise comments on previously published matters. 

5.STRUCTURE AND FORMAT OF MANUSCRIPT 

The recommended size of original research paper is less than seven thousand words, review papers fewer than seven thousands words 
also.Preparation of research paper or how to write research paper, are major hurdle, while writing manuscript. The research articles and 
research letters should be fewer than three thousand words, the structure original research paper; sometime review paper should be as 
follows: 

 Papers: These are reports of significant research (typically less than 7000 words equivalent, including tables, figures, references), and 
comprise: 

(a)Title should be relevant and commensurate with the theme of the paper. 

(b) A brief Summary, “Abstract” (less than 150 words) containing the major results and conclusions. 

(c) Up to ten keywords, that precisely identifies the paper's subject, purpose, and focus. 

(d) An Introduction, giving necessary background excluding subheadings; objectives must be clearly declared. 

(e) Resources and techniques with sufficient complete experimental details (wherever possible by reference) to permit repetition; 
sources of information must be given and numerical methods must be specified by reference, unless non-standard. 

(f) Results should be presented concisely, by well-designed tables and/or figures; the same data may not be used in both; suitable 
statistical data should be given. All data must be obtained with attention to numerical detail in the planning stage. As reproduced design 
has been recognized to be important to experiments for a considerable time, the Editor has decided that any paper that appears not to 
have adequate numerical treatments of the data will be returned un-refereed; 

(g) Discussion should cover the implications and consequences, not just recapitulating the results; conclusions should be summarizing. 

(h) Brief Acknowledgements. 

(i) References in the proper form. 

Authors should very cautiously consider the preparation of papers to ensure that they communicate efficiently. Papers are much more 
likely to be accepted, if they are cautiously designed and laid out, contain few or no errors, are summarizing, and be conventional to the 
approach and instructions. They will in addition, be published with much less delays than those that require much technical and editorial 
correction. 
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The Editorial Board reserves the right to make literary corrections and to make suggestions to improve briefness. 

It is vital, that authors take care in submitting a manuscript that is written in simple language and adheres to published guidelines. 

 Format 

Language: The language of publication is UK English. Authors, for whom English is a second language, must have their manuscript 
efficiently edited by an English-speaking person before submission to make sure that, the English is of high excellence. It is preferable, 
that manuscripts should be professionally edited. 

Standard Usage, Abbreviations, and Units: Spelling and hyphenation should be conventional to The Concise Oxford English Dictionary. 
Statistics and measurements should at all times be given in figures, e.g. 16 min, except for when the number begins a sentence. When 
the number does not refer to a unit of measurement it should be spelt in full unless, it is 160 or greater. 

Abbreviations supposed to be used carefully. The abbreviated name or expression is supposed to be cited in full at first usage, followed 
by the conventional abbreviation in parentheses. 

Metric SI units are supposed to generally be used excluding where they conflict with current practice or are confusing. For illustration, 
1.4 l rather than 1.4 × 10-3 m3, or 4 mm somewhat than 4 × 10-3 m. Chemical formula and solutions must identify the form used, e.g. 
anhydrous or hydrated, and the concentration must be in clearly defined units. Common species names should be followed by 
underlines at the first mention. For following use the generic name should be constricted to a single letter, if it is clear. 

Structure 

All manuscripts submitted to Global Journals Inc. (US), ought to include: 

Title: The title page must carry an instructive title that reflects the content, a running title (less than 45 characters together with spaces), 
names of the authors and co-authors, and the place(s) wherever the work was carried out. The full postal address in addition with the e-
mail address of related author must be given. Up to eleven keywords or very brief phrases have to be given to help data retrieval, mining 
and indexing. 

 Abstract, used in Original Papers and Reviews: 

Optimizing Abstract for Search Engines 

Many researchers searching for information online will use search engines such as Google, Yahoo or similar. By optimizing your paper for 
search engines, you will amplify the chance of someone finding it. This in turn will make it more likely to be viewed and/or cited in a 
further work. Global Journals Inc. (US) have compiled these guidelines to facilitate you to maximize the web-friendliness of the most 
public part of your paper. 

Key Words 

A major linchpin in research work for the writing research paper is the keyword search, which one will employ to find both library and 
Internet resources. 

One must be persistent and creative in using keywords. An effective keyword search requires a strategy and planning a list of possible 
keywords and phrases to try. 

Search engines for most searches, use Boolean searching, which is somewhat different from Internet searches. The Boolean search uses 
"operators," words (and, or, not, and near) that enable you to expand or narrow your affords. Tips for research paper while preparing 
research paper are very helpful guideline of research paper. 

Choice of key words is first tool of tips to write research paper. Research paper writing is an art.A few tips for deciding as strategically as 
possible about keyword search: 
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• One should start brainstorming lists of possible keywords before even begin searching. Think about the most 
important concepts related to research work. Ask, "What words would a source have to include to be truly 
valuable in research paper?" Then consider synonyms for the important words. 

• It may take the discovery of only one relevant paper to let steer in the right keyword direction because in most 
databases, the keywords under which a research paper is abstracted are listed with the paper. 

• One should avoid outdated words. 

Keywords are the key that opens a door to research work sources. Keyword searching is an art in which researcher's skills are 
bound to improve with experience and time. 

 Numerical Methods: Numerical methods used should be clear and, where appropriate, supported by references. 

Acknowledgements: Please make these as concise as possible. 

 References 

References follow the Harvard scheme of referencing. References in the text should cite the authors' names followed by the time of their 
publication, unless there are three or more authors when simply the first author's name is quoted followed by et al. unpublished work 
has to only be cited where necessary, and only in the text. Copies of references in press in other journals have to be supplied with 
submitted typescripts. It is necessary that all citations and references be carefully checked before submission, as mistakes or omissions 
will cause delays. 

References to information on the World Wide Web can be given, but only if the information is available without charge to readers on an 
official site. Wikipedia and Similar websites are not allowed where anyone can change the information. Authors will be asked to make 
available electronic copies of the cited information for inclusion on the Global Journals Inc. (US) homepage at the judgment of the 
Editorial Board. 

The Editorial Board and Global Journals Inc. (US) recommend that, citation of online-published papers and other material should be done 
via a DOI (digital object identifier). If an author cites anything, which does not have a DOI, they run the risk of the cited material not 
being noticeable. 

The Editorial Board and Global Journals Inc. (US) recommend the use of a tool such as Reference Manager for reference management 
and formatting. 

 Tables, Figures and Figure Legends 

Tables: Tables should be few in number, cautiously designed, uncrowned, and include only essential data. Each must have an Arabic 
number, e.g. Table 4, a self-explanatory caption and be on a separate sheet. Vertical lines should not be used. 

Figures: Figures are supposed to be submitted as separate files. Always take in a citation in the text for each figure using Arabic numbers, 
e.g. Fig. 4. Artwork must be submitted online in electronic form by e-mailing them. 

 Preparation of Electronic Figures for Publication 

Even though low quality images are sufficient for review purposes, print publication requires high quality images to prevent the final 
product being blurred or fuzzy. Submit (or e-mail) EPS (line art) or TIFF (halftone/photographs) files only. MS PowerPoint and Word 
Graphics are unsuitable for printed pictures. Do not use pixel-oriented software. Scans (TIFF only) should have a resolution of at least 350 
dpi (halftone) or 700 to 1100 dpi (line drawings) in relation to the imitation size. Please give the data for figures in black and white or 
submit a Color Work Agreement Form. EPS files must be saved with fonts embedded (and with a TIFF preview, if possible). 

For scanned images, the scanning resolution (at final image size) ought to be as follows to ensure good reproduction: line art: >650 dpi; 
halftones (including gel photographs) : >350 dpi; figures containing both halftone and line images: >650 dpi. 
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Color Charges: It is the rule of the Global Journals Inc. (US) for authors to pay the full cost for the reproduction of their color artwork. 
Hence, please note that, if there is color artwork in your manuscript when it is accepted for publication, we would require you to 
complete and return a color work agreement form before your paper can be published. 

Figure Legends: Self-explanatory legends of all figures should be incorporated separately under the heading 'Legends to Figures'. In the 
full-text online edition of the journal, figure legends may possibly be truncated in abbreviated links to the full screen version. Therefore, 
the first 100 characters of any legend should notify the reader, about the key aspects of the figure. 

6. AFTER ACCEPTANCE 

Upon approval of a paper for publication, the manuscript will be forwarded to the dean, who is responsible for the publication of the 
Global Journals Inc. (US). 

 6.1 Proof Corrections 

The corresponding author will receive an e-mail alert containing a link to a website or will be attached. A working e-mail address must 
therefore be provided for the related author. 

Acrobat Reader will be required in order to read this file. This software can be downloaded 

(Free of charge) from the following website: 

www.adobe.com/products/acrobat/readstep2.html. This will facilitate the file to be opened, read on screen, and printed out in order for 
any corrections to be added. Further instructions will be sent with the proof. 

Proofs must be returned to the dean at dean@globaljournals.org within three days of receipt. 

As changes to proofs are costly, we inquire that you only correct typesetting errors. All illustrations are retained by the publisher. Please 
note that the authors are responsible for all statements made in their work, including changes made by the copy editor. 

 6.2 Early View of Global Journals Inc. (US) (Publication Prior to Print) 

The Global Journals Inc. (US) are enclosed by our publishing's Early View service. Early View articles are complete full-text articles sent in 
advance of their publication. Early View articles are absolute and final. They have been completely reviewed, revised and edited for 
publication, and the authors' final corrections have been incorporated. Because they are in final form, no changes can be made after 
sending them. The nature of Early View articles means that they do not yet have volume, issue or page numbers, so Early View articles 
cannot be cited in the conventional way. 

 6.3 Author Services 

Online production tracking is available for your article through Author Services. Author Services enables authors to track their article - 
once it has been accepted - through the production process to publication online and in print. Authors can check the status of their 
articles online and choose to receive automated e-mails at key stages of production. The authors will receive an e-mail with a unique link 
that enables them to register and have their article automatically added to the system. Please ensure that a complete e-mail address is 
provided when submitting the manuscript. 

 6.4 Author Material Archive Policy 

Please note that if not specifically requested, publisher will dispose off hardcopy & electronic information submitted, after the two 
months of publication. If you require the return of any information submitted, please inform the Editorial Board or dean as soon as 
possible. 

 6.5 Offprint and Extra Copies 

A PDF offprint of the online-published article will be provided free of charge to the related author, and may be distributed according to 
the Publisher's terms and conditions. Additional paper offprint may be ordered by emailing us at: editor@globaljournals.org . 
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the search? Will I be able to find all information in this field area? If the answer of these types of questions will be "Yes" then you can 

choose that topic. In most of the cases, you may have to conduct the surveys and have to visit several places because this field is related 

to Computer Science and Information Technology. Also, you may have to do a lot of work to find all rise and falls regarding the various 

data of that subject. Sometimes, detailed information plays a vital role, instead of short information. 

 

 

2. Evaluators are human: First thing to remember that evaluators are also human being. They are not only meant for rejecting a paper. 

They are here to evaluate your paper. So, present your Best. 

3. Think Like Evaluators: If you are in a confusion or getting demotivated that your paper will be accepted by evaluators or not, then 

think and try to evaluate your paper like an Evaluator. Try to understand that what an evaluator wants in your research paper and 

automatically you will have your answer. 

4. Make blueprints of paper: The outline is the plan or framework that will help you to arrange your thoughts. It will make your paper 

logical. But remember that all points of your outline must be related to the topic you have chosen.  

5. Ask your Guides: If you are having any difficulty in your research, then do not hesitate to share your difficulty to your guide (if you 

have any). They will surely help you out and resolve your doubts. If you can't clarify what exactly you require for your work then ask the 

supervisor to help you with the alternative. He might also provide you the list of essential readings. 

6. Use of computer is recommended: As you are doing research in the field of Computer Science, then this point is quite obvious. 

 

7. Use right software: Always use good quality software packages. If you are not capable to judge good software then you can lose 

quality of your paper unknowingly. There are various software programs available to help you, which you can get through Internet. 

 

8. Use the Internet for help: An excellent start for your paper can be by using the Google. It is an excellent search engine, where you can 

have your doubts resolved. You may also read some answers for the frequent question how to write my research paper or find model 

research paper. From the internet library you can download books. If you have all required books make important reading selecting and 

analyzing the specified information. Then put together research paper sketch out. 

9. Use and get big pictures: Always use encyclopedias, Wikipedia to get pictures so that you can go into the depth. 

 

10. Bookmarks are useful: When you read any book or magazine, you generally use bookmarks, right! It is a good habit, which helps to 

not to lose your continuity. You should always use bookmarks while searching on Internet also, which will make your search easier. 

 

11. Revise what you wrote: When you write anything, always read it, summarize it and then finalize it. 

12. Make all efforts: Make all efforts to mention what you are going to write in your paper. That means always have a good start. Try to 

mention everything in introduction, that what is the need of a particular research paper. Polish your work by good skill of writing and 

always give an evaluator, what he wants. 

13. Have backups: When you are going to do any important thing like making research paper, you should always have backup copies of it 

either in your computer or in paper. This will help you to not to lose any of your important. 

14. Produce good diagrams of your own: Always try to include good charts or diagrams in your paper to improve quality. Using several 

and unnecessary diagrams will degrade the quality of your paper by creating "hotchpotch." So always, try to make and include those 

diagrams, which are made by your own to improve readability and understandability of your paper. 

15. Use of direct quotes: When you do research relevant to literature, history or current affairs then use of quotes become essential but 

if study is relevant to science then use of quotes is not preferable.  
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16. Use proper verb tense: Use proper verb tenses in your paper. Use past tense, to present those events that happened. Use present 

tense to indicate events that are going on. Use future tense to indicate future happening events. Use of improper and wrong tenses will 

confuse the evaluator. Avoid the sentences that are incomplete. 

17. Never use online paper: If you are getting any paper on Internet, then never use it as your research paper because it might be 

possible that evaluator has already seen it or maybe it is outdated version.  

18.
 
Pick a good study spot: To do your research studies always try to pick a spot, which is quiet. Every spot is not for studies. Spot that 

suits you choose it and proceed further. 

19. Know what you know: Always try to know, what you know by making objectives. Else, you will be confused and cannot achieve your 

target. 

 20. Use good quality grammar: Always use a good quality grammar and use words that will throw positive impact on evaluator. Use of 

good quality grammar does not mean to use tough words, that for each word the evaluator has to go through dictionary. Do not start 

sentence with a conjunction. Do not fragment sentences. Eliminate one-word sentences. Ignore passive voice. Do not ever use a big 

word when a diminutive one would suffice. Verbs have to be in agreement with their subjects. Prepositions are not expressions to finish 

sentences with. It is incorrect to ever divide an infinitive. Avoid clichés like the disease. Also, always shun irritating alliteration. Use 

language that is simple and straight forward. put together a neat summary. 

21. Arrangement of information: Each section of the main body should start with an opening sentence and there should be a 

changeover at the end of the section. Give only valid and powerful arguments to your topic. You may also maintain your arguments with 

records. 

 22. Never start in last minute: Always start at right time and give enough time to research work. Leaving everything to the last minute 

will degrade your paper and spoil your work. 

23. Multitasking in research is not good: Doing several things at the same time proves bad habit in case of research activity. Research is 

an area, where everything has a particular time slot. Divide your research work in parts and do particular part in particular time slot. 

 24. Never copy others' work: Never copy others' work and give it your name because if evaluator has seen it anywhere you will be in 

trouble. 

 25. Take proper rest and food: No matter how many hours you spend for your research activity, if you are not taking care of your health 

then all your efforts will be in vain. For a quality research, study is must, and this can be done by taking proper rest and food.  

 26. Go for seminars: Attend seminars if the topic is relevant to your research area. Utilize all your resources. 

27. Refresh your mind after intervals: Try to give rest to your mind by listening to soft music or by sleeping in intervals. This will also 

improve your memory. 

28. Make colleagues: Always try to make colleagues. No matter how sharper or intelligent you are, if you make colleagues you can have 

several ideas, which will be helpful for your research. 

29.

 

Think technically: Always think technically. If anything happens, then search its reasons, its benefits, and demerits. 

 30. Think and then print: When you will go to print your paper, notice that tables are not be split, headings are not detached from their 

descriptions, and page sequence is maintained.  

31. Adding unnecessary information: Do not add unnecessary information, like, I have used MS Excel to draw graph. Do not add 

irrelevant and inappropriate material. These all will create superfluous. Foreign terminology and phrases are not apropos. One should 

NEVER take a broad view. Analogy in script is like feathers on a snake. Not at all use a large word when a very small one would be 
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sufficient. Use words properly, regardless of how others use them. Remove quotations. Puns are for kids, not grunt readers. 

Amplification is a billion times of inferior quality than sarcasm. 

32. Never oversimplify everything: To add material in your research paper, never go for oversimplification. This will definitely irritate the 

evaluator. Be more or less specific. Also too, by no means, ever use rhythmic redundancies. Contractions aren't essential and shouldn't 

be there used. Comparisons are as terrible as clichés. Give up ampersands and abbreviations, and so on. Remove commas, that are, not 

necessary. Parenthetical words however should be together with this in commas. Understatement is all the time the complete best way 

to put onward earth-shaking thoughts. Give a detailed literary review. 

33. Report concluded results: Use concluded results. From raw data, filter the results and then conclude your studies based on 

measurements and observations taken. Significant figures and appropriate number of decimal places should be used. Parenthetical 

remarks are prohibitive. Proofread carefully at final stage. In the end give outline to your arguments. Spot out perspectives of further 

study of this subject. Justify your conclusion by at the bottom of them with sufficient justifications and examples. 

 

34. After conclusion: Once you have concluded your research, the next most important step is to present your findings. Presentation is 

extremely important as it is the definite medium though which your research is going to be in print to the rest of the crowd. Care should 

be taken to categorize your thoughts well and present them in a logical and neat manner. A good quality research paper format is 

essential because it serves to highlight your research paper and bring to light all necessary aspects in your research. 

INFORMAL GUIDELINES OF RESEARCH PAPER WRITING 

Key points to remember:  

 Submit all work in its final form. 

 Write your paper in the form, which is presented in the guidelines using the template. 

 Please note the criterion for grading the final paper by peer-reviewers. 

Final Points:  

A purpose of organizing a research paper is to let people to interpret your effort selectively. The journal requires the following sections, 

submitted in the order listed, each section to start on a new page.  

The introduction will be compiled from reference matter and will reflect the design processes or outline of basis that direct you to make 

study. As you will carry out the process of study, the method and process section will be constructed as like that. The result segment will 

show related statistics in nearly sequential order and will direct the reviewers next to the similar intellectual paths throughout the data 

that you took to carry out your study. The discussion section will provide understanding of the data and projections as to the implication 

of the results. The use of good quality references all through the paper will give the effort trustworthiness by representing an alertness 

of prior workings. 

Writing a research paper is not an easy job no matter how trouble-free the actual research or concept. Practice, excellent preparation, 

and controlled record keeping are the only means to make straightforward the progression.  

General style: 

Specific editorial column necessities for compliance of a manuscript will always take over from directions in these general guidelines. 

 
To make a paper clear 

· Adhere to recommended page limits 

Mistakes to evade 

 
Insertion a title at the foot of a page with the subsequent text on the next page 
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 Separating a table/chart or figure - impound each figure/table to a single page 

 Submitting a manuscript with pages out of sequence 

In every sections of your document 

· Use standard writing style including articles ("a", "the," etc.) 

· Keep on paying attention on the research topic of the paper 

 

· Use paragraphs to split each significant point (excluding for the abstract) 

 

· Align the primary line of each section 

 

· Present your points in sound order 

 

· Use present tense to report well accepted  

 

· Use past tense to describe specific results  

 

· Shun familiar wording, don't address the reviewer directly, and don't use slang, slang language, or superlatives  

 

· Shun use of extra pictures - include only those figures essential to presenting results 

 

Title Page: 

 
Choose a revealing title. It should be short. It should not have non-standard acronyms or abbreviations. It should not exceed two printed 

lines. It should include the name(s) and address (es) of all authors. 

 
Abstract:  

 
The summary should be two hundred words or less. It should briefly and clearly explain the key findings reported in the manuscript--

must have precise statistics. It should not have abnormal acronyms or abbreviations. It should be logical in itself. Shun citing references 

at this point. 

 
An abstract is a brief distinct paragraph summary of finished work or work in development. In a minute or less a reviewer can be taught 

the foundation behind the study, common approach to the problem, relevant results, and significant conclusions or new questions.  

 
Write your summary when your paper is completed because how can you write the summary of anything which is not yet written? 

Wealth of terminology is very essential in abstract. Yet, use comprehensive sentences and do not let go readability for briefness. You can 

maintain it succinct by phrasing sentences so that they provide more than lone rationale. The author can at this moment go straight to                    

XIV

© Copyright by Global Journals Inc.(US)| Guidelines Handbook



 

 

   

 

shortening the outcome. Sum up the study, with the subsequent elements in any summary. Try to maintain the initial two items to no 

more than one ruling each.  

 Reason of the study - theory, overall issue, purpose 

 Fundamental goal 

 To the point depiction of the research 

 Consequences, including definite statistics - if the consequences are quantitative in nature, account quantitative data; results 
of any numerical analysis should be reported 

 Significant conclusions or questions that track from the research(es) 

Approach: 

 
Single section, and succinct 

 
As a outline of job done, it is always written in past tense 

 
A conceptual should situate on its own, and not submit to any other part of the paper such as a form or table 

 
Center on shortening results - bound background information to a verdict or two, if completely necessary 

 
What you account in an conceptual must be regular with what you reported in the manuscript 

 
Exact spelling, clearness of sentences and phrases, and appropriate reporting of quantities (proper units, important statistics) 
are just as significant in an abstract as they are anywhere else 

Introduction:  

 The Introduction should "introduce" the manuscript. The reviewer should be presented with sufficient background information to be 
capable to comprehend and calculate the purpose of your study without having to submit to other works. The basis for the study should 
be offered. Give most important references but shun difficult to make a comprehensive appraisal of the topic. In the introduction, 
describe the problem visibly. If the problem is not acknowledged in a logical, reasonable way, the reviewer will have no attention in your 
result. Speak in common terms about techniques used to explain the problem, if needed, but do not present any particulars about the 
protocols here. Following approach can create a valuable beginning: 

 
Explain the value (significance) of the study  

 
Shield the model - why did you employ this particular system or method? What is its compensation? You strength remark on its 
appropriateness from a abstract point of vision as well as point out sensible reasons for using it. 

 
Present a justification. Status your particular theory (es) or aim(s), and describe the logic that led you to choose them. 

 
Very for a short time explain the tentative propose and how it skilled the declared objectives. 

Approach: 

 
Use past tense except for when referring to recognized facts. After all, the manuscript will be submitted after the entire job is 
done.  

 
Sort out your thoughts; manufacture one key point with every section. If you make the four points listed above, you will need a 
least of four paragraphs. 

 
Present surroundings information only as desirable in order hold up a situation. The reviewer does not desire to read the 
whole thing you know about a topic. 

 
Shape the theory/purpose specifically - do not take a broad view. 

 
As always, give awareness to spelling, simplicity and correctness of sentences and phrases. 

Procedures (Methods and Materials): 

 This part is supposed to be the easiest to carve if you have good skills. A sound written Procedures segment allows a capable scientist to 
replacement your results. Present precise information about your supplies. The suppliers and clarity of reagents can be helpful bits of 
information. Present methods in sequential order but linked methodologies can be grouped as a segment. Be concise when relating the 
protocols. Attempt for the least amount of information that would permit another capable scientist to spare your outcome but be 
cautious that vital information is integrated. The use of subheadings is suggested and ought to be synchronized with the results section. 
When a technique is used that has been well described in another object, mention the specific item describing a way but draw the basic                  
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principle while stating the situation. The purpose is to text all particular resources and broad procedures, so that another person may 
use some or all of the methods in one more study or referee the scientific value of your work. It is not to be a step by step report of the 
whole thing you did, nor is a methods section a set of orders. 
 
Materials: 

 Explain materials individually only if the study is so complex that it saves liberty this way. 

 Embrace particular materials, and any tools or provisions that are not frequently found in laboratories.  

 Do not take in frequently found. 

 If use of a definite type of tools. 

 Materials may be reported in a part section or else they may be recognized along with your measures. 

Methods:  

Report the method (not particulars of each process that engaged the same methodology) 

 
Describe the method entirely 

 
To be succinct, present methods under headings dedicated to specific dealings or groups of measures 

 
Simplify - details how procedures were completed not how they were exclusively performed on a particular day.  

 
If well known procedures were used, account the procedure by name, possibly with reference, and that's all.  

Approach:  

 
It is embarrassed or not possible to use vigorous voice when documenting methods with no using first person, which would 
focus the reviewer's interest on the researcher rather than the job. As a result when script up the methods most authors use 
third person passive voice. 

 
Use standard style in this and in every other part of the paper - avoid familiar lists, and use full sentences. 

What to keep away from 

 
Resources and methods are not a set of information. 

 
Skip all descriptive information and surroundings - save it for the argument. 

 
Leave out information that is immaterial to a third party. 

Results: 
 

 The principle of a results segment is to present and demonstrate your conclusion. Create this part a entirely objective details of the 
outcome, and save all understanding for the discussion. 

 The page length of this segment is set by the sum and types of data to be reported. Carry on to be to the point, by means of statistics and 
tables, if suitable, to present consequences most efficiently.You must obviously differentiate material that would usually be incorporated 
in a study editorial from any unprocessed data or additional appendix matter that would not be available. In fact, such matter should not 
be submitted at all except requested by the instructor. 

 Content 

 

Sum up your conclusion in text and demonstrate them, if suitable, with figures and tables.  

 

In manuscript, explain each of your consequences, point the reader to remarks that are most appropriate. 

 

Present a background, such as by describing the question that was addressed by creation an exacting study.

 

 

Explain results of control experiments and comprise remarks that are not accessible in a prescribed figure or table, if 
appropriate. 

 

Examine your data, then prepare the analyzed (transformed) data in the form of a figure (graph), table, or in manuscript form. 
What to stay away from 

 

Do not discuss or infer your outcome, report surroundings information, or try to explain anything. 

 

Not at all, take in raw data or intermediate calculations in a research manuscript. 
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Do not present the similar data more than once. 

Manuscript should complement any figures or tables, not duplicate the identical information. 

Never confuse figures with tables - there is a difference. 
Approach 

As forever, use past tense when you submit to your results, and put the whole thing in a reasonable order.

Put figures and tables, appropriately numbered, in order at the end of the report  

If you desire, you may place your figures and tables properly within the text of your results part. 
Figures and tables 

If you put figures and tables at the end of the details, make certain that they are visibly distinguished from any attach appendix 
materials, such as raw facts 

Despite of position, each figure must be numbered one after the other and complete with subtitle  

In spite of position, each table must be titled, numbered one after the other and complete with heading 

All figure and table must be adequately complete that it could situate on its own, divide from text 
Discussion:  

The Discussion is expected the trickiest segment to write and describe. A lot of papers submitted for journal are discarded based on
problems with the Discussion. There is no head of state for how long a argument should be. Position your understanding of the outcome
visibly to lead the reviewer through your conclusions, and then finish the paper with a summing up of the implication of the study. The
purpose here is to offer an understanding of your results and hold up for all of your conclusions, using facts from your research and
generally accepted information, if suitable. The implication of result should be visibly described. 
Infer your data in the conversation in suitable depth. This means that when you clarify an observable fact you must explain mechanisms
that may account for the observation. If your results vary from your prospect, make clear why that may have happened. If your results
agree, then explain the theory that the proof supported. It is never suitable to just state that the data approved with prospect, and let it
drop at that. 

Make a decision if each premise is supported, discarded, or if you cannot make a conclusion with assurance. Do not just dismiss
a study or part of a study as "uncertain." 

Research papers are not acknowledged if the work is imperfect. Draw what conclusions you can based upon the results that
you have, and take care of the study as a finished work  

You may propose future guidelines, such as how the experiment might be personalized to accomplish a new idea. 

Give details all of your remarks as much as possible, focus on mechanisms. 

Make a decision if the tentative design sufficiently addressed the theory, and whether or not it was correctly restricted. 

Try to present substitute explanations if sensible alternatives be present. 

One research will not counter an overall question, so maintain the large picture in mind, where do you go next? The best
studies unlock new avenues of study. What questions remain? 

Recommendations for detailed papers will offer supplementary suggestions.
Approach:  

When you refer to information, differentiate data generated by your own studies from available information 

Submit to work done by specific persons (including you) in past tense.  

Submit to generally acknowledged facts and main beliefs in present tense.  

ADMINISTRATION RULES LISTED BEFORE  
SUBMITTING YOUR RESEARCH PAPER TO GLOBAL JOURNALS INC. (US) 

Please carefully note down following rules and regulation before submitting your Research Paper to Global Journals Inc. (US):  

Segment Draft and Final Research Paper: You have to strictly follow the template of research paper. If it is not done your paper may get

rejected.  
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Do not give permission to anyone else to "PROOFREAD" your manuscript. 

Methods to avoid Plagiarism is applied by us on every paper, if found guilty, you will be blacklisted by all of our collaborated
research groups, your institution will be informed for this and strict legal actions will be taken immediately.) 

To guard yourself and others from possible illegal use please do not permit anyone right to use to your paper and files. 

The major constraint is that you must independently make all content, tables, graphs, and facts that are offered in the paper.
You must write each part of the paper wholly on your own. The Peer-reviewers need to identify your own perceptive of the
concepts in your own terms. NEVER extract straight from any foundation, and never rephrase someone else's analysis. 
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Please note that following table is only a Grading of "Paper Compilation" and not on "Performed/Stated Research" whose grading 

solely depends on Individual Assigned Peer Reviewer and Editorial Board Member. These can be available only on request and after 

decision of Paper. This report will be the property of Global Journals Inc. (US).

Topics Grades

A-B C-D E-F

Abstract

Clear and concise with 

appropriate content, Correct 

format. 200 words or below 

Unclear summary and no 

specific data, Incorrect form

Above 200 words 

No specific data with ambiguous 

information

Above 250 words

Introduction

Containing all background 

details with clear goal and 

appropriate details, flow 

specification, no grammar 

and spelling mistake, well 

organized sentence and 

paragraph, reference cited

Unclear and confusing data, 

appropriate format, grammar 

and spelling errors with 

unorganized matter

Out of place depth and content, 

hazy format

Methods and 

Procedures

Clear and to the point with 

well arranged paragraph, 

precision and accuracy of 

facts and figures, well 

organized subheads

Difficult to comprehend with 

embarrassed text, too much 

explanation but completed 

Incorrect and unorganized 

structure with hazy meaning

Result

Well organized, Clear and 

specific, Correct units with 

precision, correct data, well 

structuring of paragraph, no 

grammar and spelling 

mistake

Complete and embarrassed 

text, difficult to comprehend

Irregular format with wrong facts 

and figures

Discussion

Well organized, meaningful 

specification, sound 

conclusion, logical and 

concise explanation, highly 

structured paragraph 

reference cited 

Wordy, unclear conclusion, 

spurious

Conclusion is not cited, 

unorganized, difficult to 

comprehend 

References

Complete and correct 

format, well organized

Beside the point, Incomplete Wrong format and structuring
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