256 | https://doi.org/10.3311/PPme.16392
Creative Commons Attribution ®

Periodica Polytechnica Mechanical Engineering, 64(3), pp. 256-262, 2020

Stress Analysis of a Landing Gear Using the Davies Method

Gonzalo Guillermo Moreno™, César Augusto Pefia', Oscar Eduardo Gualdron'

' Department of Mechanical Engineering, University of Pamplona, Norte de Santander, Pamplona, Route to Bucaramanga Km 1,

Colombia
* Corresponding author, e-mail: gmoren@hotmail.com

Received: 06 May 2020, Accepted: 20 May 2020, Published online: 01 July 2020

Abstract

Structure and mechanism analysis often involves the use of advanced simulation programs, which are not always available to users.

The Davies method has proven to be an efficient and easily applied tool in this type of analysis, allowing the obtaining of the stresses

present in the links and the necessary torque to keep the device in optimal operative conditions. All these standards will set

the foundations for the development and proper design of the mechanism. Taking into account the afore mentioned, this article

describes in detail the use and applications of the Davies method for stress and kinematic analysis of a landing gear.
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1 Introduction

Stress and deformities are essential criteria while design-
ing the components for mechanisms. Due to this, it is
important to determine the maximum forces that act
upon them. Furthermore, these analyses also allow set-
ting the maximum torques that the power elements of
the mechanism must bear [1, 2].

There are several design programs nowadays, but
in some cases, the costs related to their implementa-
tion make it impossible for some companies to carry out
these analyses.

Taking these factors into account, the Davies method
has proven to be a quite versatile tool, which allows count-
less analyses, among which are work capacity and strength
in robots [3—5], stability analysis he heavy-duty vehi-
cles [6—8], or mechanism optimization [9], among others.

For its implementation, the Davies method employs
the screw theory, the graph theory, and the Kirchhoff
laws. All of these theories allow setting all the equa-
tions that determine the kinematics and statics of
mechanisms [10—13].

To demonstrate this theory, in this work, the stress and
kinematics analysis of a landing gear subjected to extreme
working loads is performed [14]. In Section 2, the imple-
mentation of the Davies method is detailed; afterward,
in Section 3 the selected mechanism is analyzed, and
the obtained results are discussed; and finally, conclusions
are drawn in Section 4.

2 Davies method
The Davies method provides a systematic way to relate
the joint forces and moments in closed kinematic
chains [10]. This method is based on graph theory, screw
theory, and the Kirchhoff cut-set law and it can be used
to obtain the statics of a mechanism as a matrix expres-
sion [10]. The Davies method for static analysis can be
briefly described through the following steps:

e Draw the kinematic chain of a given mechanism,

identifying all of its "n" links, "f" external forces,
and "j" direct couplings (joints).

e Draw the direct coupling graph "GA" for the mech-
anism using the links of the mechanism as verti-
ces, and the joints and external forces as edges.
Assign positive directions to each edge with an
arrow pointing from the minor to the major vertex.

* Write the incidence matrix of the direct coupling
graph [/ |

* Generate the cut-set matrix [Q], ., from [I]HN using

ki
the Gauss-Jordan elimination flﬁfethod, where the
number of cuts (k = n — 1) (identity matrix), and
the number of chords (I =; + f— n + 1) are defined
and depicted in the action graph.

¢ Write the expanded cut-set matrix [Q], , where ¢ is
the number of constraints of the joints and external
forces of the mechanism.

* Write a wrench 8/, for each constraint and external

force of the mechanism, as follows (Eq. (1)):
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where 1 is the degrees of freedom of the space
in which the mechanism is intended to function.

* Replace each wrench $J, in the expanded cut-set
matrix [Q], to obtain the generalized action matrix
(A

» Operate algebraically the generalized action matrix
[4,],. to solve the system.

3 Case study

The mechanism of Fig. 1 is used to lower and retract
the landing gear on small airplanes. If there are up to two
different components of forces acting on the tire-ground
interface (P, - traction or brake force, and P - normal
force); determine the normal forces (F) and the shear
forces (Fp) acting on the links, and the torque (7)) required
to drive the link and to maintain the position of the mecha-
nism [14], take into account that when the traction force is
applied, the small shear deformation of the tire, it changes
the point of application of the forces [15].

Fig. 1 Mechanism example 2.
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Using the Extended Passive Joints Method (EPJM) [15],
the mechanism (Fig. 1) can be represented by the kine-
matic chains shown in Fig. 2 (a). For this development,
it was assumed that the tire has a radial deformation
and a small shear deformation [15] due to the opera-
tion of the mechanism, and at the intermediate points
of the links, prismatic joints were placed to determine
the forces to which they are subjected.

Then, the kinematic chain of the mechanism is com-
posed of ten links identified by letters A (the base), B, C
and H (link and damping system), D and E (link), F and
G (link), and 7 and J (tire); and the nine joints are identi-
fied by numbers as follow: five revolute joints "R" (1, 3, 5,
7 and 9), and five prismatic joints "P" (2, 4, 6, 8 and 10),
as shown in Figs. 2 (a) and (b).

The proposed mechanism has a passive actuator in each
prismatic joint and an active actuator in the joint 3 (7);
these actuators control the movement of the mechanism.

Using graph theory, the mechanism of Fig. 2 (a) can
be represented by the graph shown in Fig. 3 (a); where
the vertices correspond to the links and the edges corre-
spond to the constraints of each joint [16, 17] as well as
the external forces present in the mechanism, this graph
can also be represented by the incidence matrix [/],,,
(Eq. (2)), additionally, solving Eq. (2) using the Gauss-
Jordan elimination method, the incidence matrix provides
the cut set matrix [Q],,,, of the mechanism, where each

P 1,
@

Fig. 2 (a) Kinematic chain of the mechanism. (b) Parameters of

the mechanism.
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Fig. 3 (a) Direct coupling graph. (b) Cut-set action graph.

line represents a cut of the graph and the columns repre-
sent the joint and the external forces (Eq. (3)), which was
reorganized, to identify nine (9) branches (edges 1-6 and
8-10 — identity matrix) and three (3) chords (edges 7, P ,
and P ), as shown in Fig. 3 (b).

Fufthermore, in Fig. 3 (b) all of the constraints pres-
ent in the joints are represented as edges, which allows
the amplification of the cut-set matrix (Appendix).

1 2 3 4 5 6 7 8 9 10
A[1 0 1 0 0 0 0 0 0 O
Bl-1'1 0 0 0 0 0 0 0 0
clo -1 0 0 0 0 -1 1 0 0
D0 0 -1 1T 0 0 0 0 0 0

[Ilop=E|/O 0 0 -1 1 0 0 0 0 0
FlO 0 0 0 -1 1 0 0 0 0
G/lo 0 0 0 0 -1 1 0 0 0
HO 0 0 0 0 0 0 -1 1 0
110 0 0 0 0 0 0 0 -1 1
JJO 0 0 0 0 0 0 0 0 -1

12345689107 PP
Cut1[1 0 0 0 0 00 0 0 1 1 1]
Cut20 1 00000 O0O0 1 11
Cut3/0 01 0000 O0O0 -10 0
Cut4/0 001 000 0O0 -10 0

[Q]"’X":cm5000010000—100
Cut6/0 00 001 00O 100
Cut7/0 00 00 01 00 0 1 1
Cut80 00 0O0O0O0T1O0 0 1 1
Cut90 0000000 T1 1 1 1]

L oocoocoocoocooo~ g
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F 1op F 1 J""{IU;

(b)

In this context, revolute joints (1, 3, 5, 7 and 9) have
constraints in the x and y axes, and prismatic joints (2, 4, 6,
8 and 10) have constraints in their axis of movement (nor-
mal forces (F))), perpendicular their axis of movement
(shear forces (Fp )), and moment in the x-axis.

Considering a static analysis in two-dimensional
space [10], all the wrenches of the mechanism together
comprise the action matrix [4,] given by Eq. (4).
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The wrench can be represented by a normalized
wrench and its magnitude. Therefore, from the Eq. (4)
the unit action matrix and the magnitude action vector are
obtained, as represented by Egs. (5) and (6).

(A, ], =[8% 8 8L — 8 8 8] ©
[\P]ZQXI = |:Fix Ey F2p 7;: Px Py:| (6)

Using the cut-set law [18-20], the algebraic sum of
the normalized wrenches, Egs. (6) and (7), that belong
to the same cut (Fig. 3 (b) and Appendix) must be equal
to zero. Therefore, the statics of the mechanism can be
defined, as exemplified in Eq. (7):

[Ia" ]27><29 [‘P];xl = [0]27><1 ' (7)

In Eq. (7) is necessary to identify the set of primary
variables [‘I‘p] (known variables), among the variables
of W. Once identified, the system is divided into two sets,
as shown in Eq. (8),

|:/1”S ]27x27 [\PS ];xl + [Ia”l’ :|27><2 [\PP :|;1 = [O]ZM (8)

where [‘Pp] is the primary variable vector, [,] is the sec-
ond variable vector (unknown variables), [ /inp ] are the col-
umns corresponding to the primary variables and [/Alm]
are the columns corresponding to the secondary variables.

In this case, the primary variables vector is (Eq. (9)):
T
[\PP :'2><1 = [Rf Py:| ’ (9)

Solving the system in Eq. (8) using the Gauss-Jordan
elimination method, all secondary variables of the system
being functions of the primary variables of the mechanism
(P, and Py).

Taking into account this development and the param-
eters of the Table 1, for the simulation, the airplane's
traction force was gradually increased, which changed
the force application point, due to its deformation [15].

Taking these aspects into account, in Fig. 4, it can be
observed that the greater normal force in the mechanism is
compression, which is present on the GF'link (F, ).

Similarly, it can be observed that the highest shear force
is present on the body of the tire (F 1Op) and the DFE link (F’ 4p).

The forces present on the links (Figs. 4 and 5), can be
combined to determine the Von Mises stress (Fig. 6) based
on the link area (Eq. (10)), these criteria allow an optimal
design of the links in both their setting and the material
chosen for them.
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Table 1 Parameters of the example.

Parameters Inputs Units
[, 0.54 m
IR 0.91 m
& 0.71 m
l 0.61 m
I3 0.23 m
Ly 0.61 m
A 0.54 m
0, 30 degree
k, 220 kKNm™
k, 160 kN m™
k, 25 kN m rad™
P, 3 kN
P, 9.8 kN
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Fig. 4 Normal forces.

Oy = %,/Ff +3F? (10)

Additionally, in Fig. 7 it can be observed how the increase
of the traction force of the airplane raises the torque required
to keep the taking off or landing mechanism working.

4 Conclusions
The technique applied allows determining systemically
the forces that act upon the mechanisms and on the elements
that compose them, which is quite essential since, using
these values, a design and optimal selection of elements and
equipment that compose a mechanism can be done.

The application of traction force makes a shear defor-
mity appear in the tire, making a point of application of
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Fig. 5 Shear forces. Fig. 7 Torque.

external forces displaced, causing a significant increase
in the internal forces that act upon the mechanism.
This allows for better decision-making when design-
ing and selecting the analyzed mechanisms' elements
and equipment.

Von Mises stress on the links (kN/A)

0 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000
PX - Traction or brake force (N)
Fig. 6 Von Mises stress.
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