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Abstract

This article contains kinematic analysis of the chassis mechanism used in Lockheed F-104S Star fighter aircraft,
which is recently used by the NATO military aviation as an interceptor. The mechanism of the chassis is made up of
several smaller subsystems with different functions. The first mechanism is used to eject the chassis before landing
(touchdown) and fold it to hatchway after the lift off. The second mechanism is designed to perform rotation of the
crossover with the wheel, in order to adjust the position of the wheel to fit it in the limited space in the hold. The third
mechanism allows movement of the chassis resulting from the change in length of the damper. To determine the
position of the following links of the mechanism was used calculus of vectors in which unit vectors were used to
represent the angular position of the links. Often used equation, which describes a polygon vector, and the equation of
unknown unit vector possible to determine if the other two and the angles between them are known. Calculations were
performed in the three local systems of reference, thus were obtained the simplest forms of solutions for links
positions. The corresponding scalar products of unit vectors are elements of two transition matrices. These matrices
are needed for the vectors calculation in each of the three coordinate systems. The result of the analysis is to
determine the angle of convergence and the angle of heel wheels as a function of variable length of hydraulic cylinder
and the length of the shock absorber. It has been shown that length of the shock absorber has little effect on angle of
convergence, but has a significant effect on the angle of the tilt-wheel landing gear.
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1. Introduction

A typical solution in the construction of the current aircraft flight decreasing resistance is the
mechanism comprising movable chassis to hatch located in the body of the aircraft. In used until
recently by the NATO military aviation as a fighter interceptor, movable main landing gear is
located in the central part of the fuselage.

The paper contains a kinematic analysis of the spatial mechanism chassis in a range of
positions. The analysis determined convergence angle and the angle of heel landing wheels as
a function of chassis extendible hydraulic cylinder length and the length of the shock absorber.

The analysis was performed using a vector method using versors representing the angular position
of the links [1, 4].

2. Construction of the landing gear mechanism

Gear mechanism consists of a three smaller mechanisms that perform different functions [2].
The first mechanism is used to eject the landing gear before landing and folding it after lift-off
(Fig. 1). It consists of two fixed-length links 2 and 3 and the hydraulic cylinder 4, connected to
a double pivot D. The shank is connected by pivot E to the actuator and by pivot C to link 2. To
connect link 3 to the airframe were used movable link 10. Link 10 is connected with link 3 by
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pivot B and with airplane frame by pivot N. Rotary joint axes 4, B, C, D and FE are parallel to each
other, so that part of the chassis, composed of links 3, 2, shank 1 and the actuator 4 can be
regarded as a flat mechanism.

Fig. 1. The mechanism of the Lockheed F-104S Starfighter landing gear

The second gear mechanism is designed to perform a limited rotation of the steering 8 with the
wheel around pivot / caused by movement of the shank 1. The rotation around the axis of pivot /
should provide accurate positioning of the wheel in two extreme positions. The first results from
the necessity of such a setting is wheel to be able to fold and fit in to the expected area of the
chassis hatch. The second extreme position refers to the total distribution of the chassis, where the
wheel should achieve established angle to the shank. Rotate the wheel steering joint / is forced by
the space arrangement of two quadrangle, connected to the shank.

The first quadrangle is made up of connector 9, shank 1, connector 5 and wishbone 6.
Wishbone 6 is connected to the shank by pivot F. Link 5 is connected to the connector 9 and the
wishbone 6 by ball joints G and H. The second quadrangle consists of wishbone 6, shank 1,
connector 7 and steering 8. The steering 8 is connected to the shank by joint /. Link 7 is connected
to the wishbone 6 and steering 8 by ball joints J and K. The main landing gear wheel is mounted
on the pivot 8 in the rotary joint L. Changing the length of the actuator 4 movable landing gear
mechanism rotates the main shank 1 around the pivot a/ and simultaneous rotation of steering 8
wheel around pivot axis /. In mechanism of movable chassis connectors 5 and 7 has adjustable
length. The use of such regulation compensates for inaccuracies performance of links and their
assembly to ensure accurate positioning of the wheels in the extreme positions.
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The third mechanism allows movement of the chassis resulting from a change in the length of
the elastic damping (hereinafter referred to as shock absorber) 11. Shank is connected indirectly to
the airframe by a movable connector 9, connected to the plane frame by pivot M and to the shank
by pivot 4. Shock absorber 11 is positioned over the shank connected thereto and to the plane
frame by means of connectors 12 and 13. Connector 12 is connected to the shank 1 by pivot P, and
to shock absorber by pivot R. Connector 13 is connected to the frame pivot plane 7, and shock
absorber pivot S. During take-off and landing aircraft, as a result of changes in the length of shank
damper rotates around a pivot axis M. Joints M and N have a common axis of rotation which is
parallel to the line of intersection of the plane symmetry and the surface on which the aircraft is.

The landing gear mechanism cooperating with the opening and closing mechanisms of the two
flaps. These mechanisms are not shown in Figure 1 and are not considered in this study.

3. Analysis of links positions in the landing gear mechanism

Each of the three mechanisms is described in their own reference systems in which they
determined the position of the links. The first reference system {4gx.y,z,} 1s related to the shank 1
(Fig. 2). Axis zg lies in the pivot axis 4. Axis x, intersects at straight angle joint axes 4 and E. The
centre A, is the point of intersection of pivot axis 4 and perpendicular to the surface containing the
centre of the ball joint G.

A second reference system — {4s;s,5} 1s related to switches 9 and 10, which perform a rotation
about a common pivot axis M and N (Fig. 2 and 3). Axis with the axis z and x, axis inter sects a
perpendicular pivot axes 4 and E. Points A, and 4, overlap. In this reference system, displacements
of the wheel orienting mechanism links are calculate.

The third reference system {O,x,ymzn} is related with the plane frame (Fig. 3 and 4). Axis x,,
lies on a common pivot axis M and dN. Axis z, is perpendicular to the surface on which the
aircraft stands. O,, point lies at the intersection of axis x,, with the surface z,,y,, containing the point
of intersection of the pivot 7 of a straight line intersecting at a right angle joint axes 7 and S. In
this reference system calculates the shank displacement including wheel resulting from the change
in length of the shock absorber the taper angle ¢ and the tilt angle of the wheel £ . Wanted wheel
orientation angles are determined in the system {O,x,ynz,}. In a previous analysis, versors are
determined reference system {4 xqvqz,} and {Ayss;,s}.It is therefore necessary to find transition
matrix between two pairs of subsequent reference systems. Symbols versors expressed in systems

n_n n_n

{AgxgVeza}, {Assisis} and {OpXnymz,} contain the upper left index of "g", "s" or "m".
3.1. Links positions analysis of the chassis eject mechanism

Position analysis of the landing gear ejecting mechanism has the task to determine in the system
{Agxqyezq}versors of moving links, especially versor 9i9 lying straight line passing through the
joint axes 4 and B which is the axis x, of the reference system {A4,s;s,5}.

In the flat ejecting chassis mechanism versors describing the angular position of links are
parallel to the surface x,y,. Based on the triangle CDE (Fig. 2) formulate a relationship:

L 789 + S, 71 = lep iy, (1)

which is the basis for determining versors:

gl(z) = [1-— (I%Z_lsz%‘:l%E>2 gf(l) + l%z_lsf':l%‘E gi(l)CE’ (2)
CE"2 CE*2
where:
9i0.,— —versor associated with the shank with known coordinates,
9F9  — versor perpendicular to the 9id.z, b, [cg — constant links size,
S4  — temporary length of the actuator 4.
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Fig. 2. Chassis eject mechanism

Triangle ACD can be described by the equation:
lac Yiac + 1, 713 = Sup Yigp, (3)

which set a distance between the axes of the joints 4 and D and the versor in the direction of AD:

2 2 90 9;0\ 9:0 Liac 'i8actly 9i
Sap = e + 15+ 20, Ly (80,¢ - 913), “igp = S d “)
AD
where:
9i%,c — versor associated with the shank with known coordinates,
Lic — shank dimension.
Based on the triangle ABD can write:
lap i + 15 913 = Syp iGp, (5)

where it is determined versors:

2
9.0 _ 1— (liB_l?Z,"'Sle) ng + lxztlB_l§+SiD gi,(c)lp (6)
b

254plap 25aplap

where: 9f° — versor perpendicular to the ?iS,), s, 145 — constant links size.

9:0

Determination of the “ig, determines the transition matrix from the reference system

{Agxgyezg} to the{dsisis}:

g:0 , 9;:0 g:0 , 9:0
Lgx Lsx lgy Usx 0

gR=199,- 9%, 99, %9, of ™)
0 0 1
where: ?i5, =[1,0,0]",7iJ, = [0,1,0]",7i2, = [0,0,1]", 7i3, = 72, x 7il,.
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3.2. Links positions analysis of the wheel turning mechanism

The rotating wheel mechanism which motion is forced by the rotation of the main shank
around the pivot axis 4 is a combination of two spatial quadrangle RSSR type [3].

Links positions analysis result of the rotating wheel mechanism is determined directional
versor ‘i of the wheel plane expressed in system {A4x)szs}.

Point F is located at the intersection of the pivot axis F, and the perpendicular plane
containing the ball joint centre H [5]. Point /;, is located at the intersection of the pivot axis / and
a perpendicular plane containing ball joint centre K.

Fig. 3. The chassis mechanism that causes rotation of the steering wheel

Triangle F;4,G can be described by the equation:
lea *Bpa+ lag *thc = Sr¢ *ipe. (®)

where: iz, = SR iz,
which set a variable distance between F; and G and the versor in the direction of F'1G:

_ |2 2 550 510 s;0 _ lac “lagtlra *iiFa (9)
Se¢ = lig +1lpa + ZlAGlFA( Lac ' "Ura) e = Sro >

where: °i%; — known versor in the direction of A,G, l46, lr.4 known dimensions of the links.
The resulting values are base to designate versor associated with the wishbone 6:

1-c?,—c2,—c2,+2¢,,C,C

si0 — C2a=C1aC3q s {0 +53a—C1a52a $i0 +\/ la ~2a "3a"""1a-2a-3a

6FH — 6F 1—c2 FG — 1—C%
a

s (Si% x Si%), (10)
a la

where: *idz = SR 9idr, 9il; — a known direction of the pivot F axis versor, ¢;q = ‘idp* ‘i,
_ S:0 . s;0  _ T_0 _ S:0 . S:0 _ Shot+lEn—12
C2a = ler lery = C0ST =U.030 = “lery " "lrg = YT
FG*FH
Another versor associated with the wishbone 6 is:

1—c2 —c2 —c2p +2¢,pCopC
— S2b=C1pCsb sj0 4 C3b=C1bCab S0 +\/ tb_"2b "3b”"1b2b73b

S:0 5:0 5:0
i = i i ice X 71 11
6F] 1-c2, 6F 1-c2, 6FH *~ (Cigr Fa), (11)

2
1_C1b

where:

N

— S;0 , s:0 __ T _ _ S
Cip = LeF 16FH_COS;_0'C2b_

0 L si0
lor * "lerj = COSKgq,
Cap = “i0py - il J = COSKgp, Kq— fixed angle between the segment FJ and the pivot F,

Kgp — fixed angle between segments FJ and FH.
Triangle I1F1J can be described by the relationship:
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Lr Sife + lg; Sigr; = Sy °if), (12)

which set a variable distance between /; and J and the versor on direction /1J:

2 2 510 570 s:0 _ ur ‘Wiptlpy Sigp; (13)
Sy = (e + Gy + 2Ll (P8 - *igp)), “ify = 5y )

where: ‘i, = gR 9i% ., 9i%— known versor on direction I,F|, ljr ,lr;, — dimensions of the
links.
Versor on the pivot 8 can be expressed as:

2 2 2
1=C{c=C5c=C3c+2C1CocC3c

$:0 _ €2c7C1cC3c s:0 C3c¢~C1cC2c S:0 \/
lgik =2 wt— 2 Wx 12
ic ic ic

(i), x *if)), (14)

g:0 N

where: ‘i, = SRYi9;, 7if; — known versor pivot axis 1, ¢;, = i)+ iy, c;c = Sif) - Sigix =

SH+E k-3 , ,
1" 81K 7, C3C = Slgl " SlgIK = COSE = 0
25y laix 2
Perpendicular to each other versors iY;and i3, are both parallel to the plane of the wheel.
Directional Versor in the wheel plane in system {4z} is:

S0 _ S:0 S0
I = "l X “lgik- (15)

3.3. Analysis of wheel angular position consequent from the change in length of the shock absorber

The chassis links movement with locked cylinder 4 at its maximum length, due to dynamic
loads that occur during take-off and landing. Reduced load applied to the shock absorber 11 affects
its temporary length and the angular position on shank 1 and wheel orientation. In order to
determine the orientation angles of the wheels should designate transition matrix from reference
system {Asx.szs} associated with the links 9 and 10 and system connected to the plane frame
{OwXmymzm} . Transition matrix elements dependent onz -the distance between points 773 and Pjs.

Points 773 and S;; lies on the axis of rotation joints 7 and S of connector 13 and the straight line
intersecting these axes at right angles. Pj, and Rj, points lies on the axes of rotation joints P and
Rof link 12 and the straight line intersecting these axes at right angles.

At the time of changing the length of shock absorber lending gear rotates about a common axis
of pivot joints M and N, which determines versor ° i%, known in {Asxgyszst system which is
parallel to the surface of symmetry of the plane and the surface on which the aircraft is.

Versor on direction O,,P)2:

2 2 2
N J1‘C1d‘czd‘C3d+2C1dczd03d

m:0 _ €2d"C1d€3d m;0 C3d—C1d%2d m;0 m:0 m:0
lOP - 1—c2 lT + 1—c2 lnx T 1—c2 ( lT X lmx)’ (16)
1d 1d 1d
where:
. . . T . . .
™i9 = [0,™i%,,™i%,] — known versor on direction O,Ti3, ™i%, = [1,0,0]7, ¢;y = cos <

0 0 ) —
( Lt lmx) =0
2 2 2
_ omrtlomp _ m:0 m:o
Coa =5 — = 5 C3a = COS Kyq, Kyg— fixed angle between versors "ipp and Tiy.
OmT'omP

Versor on direction O,,4:

1-c2,-c2,—c2,+2¢c, ,C, C
C2e—C1eC3e M 10 + C3e—C1eC2e M0 +\/ le “2e “3e le“~2e™3e

m:0 m=s0 m:0
in, = i iy, X i 17
0OA 1_C%e mx 1_C%e orP — 1_6%9 ( mx opP ( )
13+l a—15 13, +13 -1
. _m:0 .m:0 _ OmMT*OmA™ "AM _ "OmAT"'OmPq1p *APqy
where: ¢;o = Ty * T lopsC2e = 2 o1 €3¢ =7 1 .
omMtomA OmA*OmP12

Versor on direction AP;»:
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MiQnlo, pio="t 4lo. 4
OP'OmP12 0A*Om (18)

m:0 __

Lyp = )
APqp
AXIS zg versor:

2 _ 2 _ 2
. C,r—Cq £C . Cap—Cq £C . J1_C1f_C2f_C3f+ZC1fC2fC3f . .
mio — L2fTr%rmio o ST %m0 0 x M%), (19)

= l
Sz 1—C:%f mx 1_C%f AP — 1—Cff

where:c; = cos Ky, ¥~ fixed angle between versors™igpand ™y,
Cyp = cos < (i3, iy) = 0,055 = COS Kyp, Ky fixed angle between versors i3, i i9p.
AXIS x, versor:

2 2 _.2
J1—01g—czg—C3g+2C1nggC3g

mi0 _ 297199 m;o0 €397 C19%g m;0 m:0 m:0
bsx = — 2 Lsz 1—c? [pp —c? (Migz X Migp), (20)
C1g C1g C1g
where: ¢;5 = cos Kyp, Cyy =cos <( i, i) =0,c4=cos K4 Ky~ fixed angle

between versors i, i i9p.
Transition matrix from reference system {A4xyszs} to the system {O,xpymzm}:

M0 .m0 M0 .mi0 M0 .m0
le lmx lSy lmx lSZ lmx
mp — [mi0 .m0 om0 .mz0  mjo . mjo
R = [T by, TSy iy, Y iy |- 21)
m:0 . m;0 m:0 . m:0 m:0 , m:0
ls.x lmZ lsy lmZ lSZ lmZ
mio T mi  _ T mio  _ T mi0 _ mi0 ., m:0
where:"'i5,, = [1,0,0]", ™in,,, = [0,1,0]", iy, = [0,0,1]7,™ig), = Mg, X iy

N~

wheel surface

rolling wheelline

Fig. 4. The mechanism with shock absorber
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4. Convergence and heel of wheel angles

Directional versor of wheel rolling line can be determined from the cross product of non-
orthogonal versors i1 i9,,:

m:0.,,m:0

m:0 _ InX""lmz 22
T g, -
where: ™i% = ™R *i9.
Wheel convergence angle [6]:
§ = sgn[™i%,, - ("2 x ™% Darcsin||™i0 x ™%, ||. (23)
The angle of the tilt wheel [6]:
g = sgn[™i? - (™Y x ™i)]arcsin||™id x ™|, (24)
where:
m:0 _— m;0

iy = ™9, x ™i? — directional versor of plane perpendicular to the level containing the rolling line.
p perp g g

5. Results and conclusions

10

-~ — — wheel tilt angle

~ wheel convergence angle

angle [°]
’l
s
—o

-8

shock absorber length [cm]

Fig5. Tilt angle and the angle of convergence of wheel as a function of the absorber length

Change the length of # in range (0.8-1.1) 5y (Where 7y =0.53m — length for standing plane

without an engine, fuel and armament) causes a change in the tilt angle € in the range (9.2-6.0°)
and change the taper angle 6 in the range (4.9-0.3°).
Presented analysis can be the basis to examine the impact of accuracy of performance and links
assembly mechanism on angular position of the wheel chassis. It can also be used to determine the
extent of change in length of connectors 5 and 7 and performance compensation inaccuracy links
assembly.
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