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Nomenclature
Aa = pneumatic area
Ah = hydraulic area
Ao = area of opening in orifice plate
Ap = cross-sectional area of metering pin or rod in plane

of orifice
A0 = net orifice area
Cd = orifice discharge coefficient
d = damping coefficient of supporting damper
Fa = pneumatic force in shock strut
FC = damping force applied on the floating mass
Fh = hydraulic force in shock strut
FK = spring force applied on the floating mass
FS = total axial shock-strut force
FVa = vertical force, applied at axle
FVg = vertical force, applied to tire at ground
g = gravitational constant
h = bulge height (height of upper surface of floating

mass over runway)
KL = lift factor, L/w
k = stiffness of supporting spring
L = lift force
m, r = constants corresponding to the various regimes of the

tire-deflection process
n = polytropic exponent for air-compression process

in shock strut
pa0 = air pressure in upper chamber of shock strut

at zero stroke
ph = hydraulic pressure in lower chamber of shock strut
rd = radius of deflected tire
s = shock-strut axial stroke
v0 = air volume of shock strut at zero stroke
w = total dropping weight
w1 = weight of upper mass above strut
w2 = weight of lower mass below strut
w3 = weight of floating mass
z1 = vertical displacement of upper mass from position

at initial contact
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z2 = vertical displacement of lower mass from position
at initial contact

z3 = vertical displacement of floating mass from position
at initial contact

ρ = mass density of hydraulic fluid
δ = deflection of the tire

Introduction

D URING the process of landing, an aircraft is exposed to a short-
duration impulsive impact. The landing impact has been rec-

ognized as a significant factor in structural fatigue damage, dynamic
stress on the aircraft airframe, and crew and passenger discomfort.1

How to effectively absorb aircraft-landing kinetic energy to atte-
nuate impact loads on aircraft is a problem facing landing gear
designers.

With the requirements of increased weight and sink velocity in
aircrafts design, the loads on airframes and landing gear increase
correspondingly. This problem is especially the case during carrier
plane landings on decks2 and horizontal space shuttle landings.3

For the past decades, many efforts have been made to learn the
behavior of landing gear during touchdown.4−10 With this known
behavior of landing gear, a number of methods have been developed
to attenuate landing impact loads. One of them is to improve the
structural type of landing gear or the dynamic characteristics of
the shock strut, which is the main component of the landing gear
system.11−14 Another way to attenuate the landing impact loads is
to embed a control system into the landing gear system.15−21

This article introduces a new conception, named the landing re-
gion, to attenuate landing impact loads during touchdown. A landing
region is actually a mechanism that is built on a runway. The main
contribution of this study is to demonstrate a new way to attenu-
ate landing impact loads. To achieve this goal, a theoretical model
for the landing region is developed. With this theoretical model,
the landing process is theoretically constructed, and its governing
equation is derived. The performance of simulated landing gear sys-
tems landing on this landing region is theoretically evaluated during
touchdown. Studies have also been made to determine the effects of
variations in some landing region parameters. The authors expect
that such a landing region can be realized to attenuate the landing
impact loads of carrier-based aircraft during the process of landing
on the decks of aircraft carriers in the future.

Modeling of the Landing Gear and Landing Region
Landing Gear

Dynamics of landing gear systems follows the dynamic model
of Ref. 5. It is assumed in the analysis that the landing gear is at-
tached to a rigid mass that has freedom only in vertical translation.
The gear is assumed to be infinitely rigid in bending. The combi-
nation of airplane and landing gear considered therefore constitutes
a system having two degrees of freedom, as defined by the vertical
displacement of the upper mass and the vertical displacement of the
lower or unsprung mass, as shown in Fig. 1a. Figure 1b shows a
schematic representation of a typical oleopneumatic shock strut.

From consideration of the forces and pressures acting in the
shockstrut, it can be readily seen from Fig. 1b that the total ax-
ial force due to hydraulic resistance and air compression can be
expressed by

FS = Fh + Fa (1)
1631
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a) System with two degrees of freedom
b) Schematic representation of shock
strut

Fig. 1 Freedom of landing gear system and schematic representation of its shock strut.

where
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If the exponential characteristics of the tire without hysteresis are
considered, tire force is given by

FVg = mδr (4)

In the case of severe impacts where tire bottoming occurs, new
values of m and r are employed in the tire-bottoming regime.

Landing Region
A landing region is actually a mechanical system that is built on

a runway. The landing region comprises three major parts: floating
mass, supporting spring, and supporting damper. In the first approx-
imation, the floating mass is considered as a rigid mass that has free-
dom only in vertical translation, the supporting spring is linear, the
supporting damper is linear viscous, and the floating mass is locked
at the time when the upper surface of the floating mass level is down
to the runway surface. Figure 2 shows the schematic representation
of this system and the balance of forces and reactions for it.

According to the assumptions mentioned above, spring force and-
damping force are given by

FK = kz3, FC = dż3 (5)

Equations of motion
The motion of landing impact can be treated as having three

phases. The first phase is the time interval from the instant of con-
tact to the beginning of shock-strut deflection; the second phase
is the time interval from the beginning of shock-strut deflection to

Fig. 2 Sketch map of landing region.

the instant at which the floating mass is locked; the third phase is
the time interval from the instant at which the floating mass is locked
to the end of the impact.

The First Phase
Because z̈1 = z̈2 = z̈ during this first phase of the impact, the sys-

tem may be considered to have two degrees of freedom, which are
made up of freedom z and freedom z3. Thus, the overall dynamic
equilibrium of the landing gear is given by

FVg(z − z3) = −(w/g)z̈ − w(KL − 1) (6)

The governing equation of the floating mass is given by

w3 + FVg(z − z3) − FK − FC = (w3/g)z̈3 (7)

The Second Phase
Because the shock strut begins to deflect during this second phase

of impact, the system may be considered to have three degrees of
freedom, which are made up of freedom z1, freedom z2, and freedom
z3. The equation of motion for the upper mass is

FS + L − w1 = −(w1/g)z̈1 (8)

The equation of motion for the lower mass is

FS + w2 − FVg(z2 − z3) = (w2/g)z̈2 (9)
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a) Time histories of force on upper mass

b) Time histories of shock strut stroke

c) Time histories of shock strut velocity

d) Time histories of ground vertical force

Fig. 3 Comparison between the results from this new model and those from the conventional model.

The equation of motion for the floating mass is

w3 + FVg(z2 − z3) − FK − FC = (w3/g)z̈3 (10)

The Third Phase
Because the floating mass is locked during this third phase of im-

pact, the system may be considered to have two degrees of freedom,
freedom z1and freedom z2. The equation of motion for the upper
mass is the same as Eq. (6). The equation of motion for the lower
mass is

FS + w2 − FVg(z2 − h) = (w2/g)z̈2 (11)

Solution of Equations of Motion
The use of the tire-deflection characteristics in the calculations

neglected hysteresis of the tire, except in the case of severe im-
pacts where tire bottoming occurs. The effects of drag loads were
neglected in the calculations. The validity of the dynamic model
without a landing region was verified in Ref. 5. A dynamic model of
this new system was built up based on the dynamic model without a
landing region. Also, in these calculations, the discharge coefficient
for the orifice and the polytropic exponent for the air-compression
process were assumed to have constant values throughout the im-
pact. The discharge coefficient was assumed to be equal to 0.9 and
the polytropic exponent was assumed to be equal to 1.12. In view
of the fact that the landing gear was mounted in a vertical position
and drag loads were absent in the tests mentioned in Ref. 5, friction
forces in the shock strut were assumed to be negligible in the calcu-
lations. Because the weight was fully balanced by lift forces in the
tests, the lift factor KL was taken equal to 1.0.

Normal Impact
Normal impact refers to a vertical velocity of 8.86 fps at the instant

of ground contact. Figure 3 presents a comparison of calculated
results based on this new model with calculated results based on the
model without a landing region.

Calculated time history of total force on the upper mass is com-
pared with that calculated from the model without a landing region

in Fig. 3a. Similar comparisons for the strut stroke, strut telescop-
ing velocity, and ground vertical force are presented in Figs. 3b,
3c, and 3d, respectively. As can be seen from Fig. 3a, when the
landing region is introduced, there are two maximum values during
the process of landing impact, and the maximum value of the force
on the upper mass is reduced 45%. The two separate peaks are due
to the introduction of the landing region. When the forces on the
upper mass reach a certain value, namely the first peak, the tires
cannot be compressed any more and rebound gradually. Then the
forces decrease gradually until the floating mass is locked. When
the floating mass is locked, the tires are compressed again. Then
the forces increase gradually until the second peak is reached. Sim-
ilar circumstances occur in shock strut velocity and ground vertical
force, and the maximum values of these are reduced 28% and 45%,
respectively.

Severe Impact
Severe impact refers to a vertical velocity of 11.63 fps at the

instant of ground contact. For the model without landing region,
tire bottoming occurs in this case. Figure 4 presents a comparison
of calculated results based on this new model with calculated results
based on the model without a landing region.

Calculated time history of total force on upper mass is compared
with that calculated from the model without a landing region in
Fig. 4a. Similar comparisons for the strut stroke, strut telescoping
velocity, and ground vertical force are presented in Figs. 4b, 4c, and
4d, respectively. As can be seen from Fig. 4a, the maximum value
of force on upper mass is reduced 49.0%, and tire bottoming does
not appear.

Parameter Studies
In the preceding section, comparisons of calculated results of this

new model with calculated results without a landing region shows
that, the impact loads have been reduced significantly. In view of
the fact that the parameters of the landing region are not readily
known currently, calculations have been made to evaluate the effect
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a) Time histories of force on upper mass

b) Time histories of shock strut stroke

c) Time histories of shock strut velocity

d) Time histories of ground vertical force

Fig. 4 Comparison between the results from this new model and those from the conventional model.

of these parameters on the landing gear behavior. The results of
these calculations are all for normal impact.

The solutions presented are for the same set of initial conditions as
for the normal impact without tire bottoming, previously considered,
and are based on exponential tire-force-deflection characteristics
that neglect hystersis.

Effect of the Stiffness of Supporting Spring
Figure 5 presents comparisons of calculated results for a range

of values of the stiffness of supporting spring k between 500 lbf, ft
and infinite. In fact, for stiffness of supporting spring k larger than
15,172 lbf, ft, the floating mass cannot sink down to the surface
of the runway. Under the current assumed conditions,the stiffness
of the supporting spring k should not be larger than 15,172 lbf,
ft.

The calculations show that an increase in the stiffness of the sup-
porting spring results in a small increase in the first maximum value
of the force on the upper mass, as well as a decrease in the sec-
ond maximum value of the force on the upper mass. This variation
is to be expected because the greater stiffness of the supporting
spring results in greater spring force. Thus, the first maximum value
of the force on the upper mass increases and the spring deposits
more energy before the floating mass is locked, and then the second
maximum value of the force on the upper mass decreases. Similar
circumstances occur for strut velocity and ground vertical force.

Effect of the Damping Coefficient of Supporting Damper
Figure 6 presents comparisons of calculated results for a range of

values of the damping coefficient of supporting damper d between
no damping and 1000 lbf·s/ft.

The calculations show that an increase in the damping coefficient
of the supporting damper results in an increase in the first maximum
value of the force on the upper mass, as well as a great decrease in
the second maximum value of the force on the upper mass. This
variation is to be expected because a greater damping coefficient of

the supporting damper results in a greater damper resistance force.
Thus, the first maximum value of the force on the upper mass in-
creases and the damper dissipates more energy, and then the second
maximum value of the force on the upper mass decreases. Similar
circumstances occur for strut velocity and ground vertical force.

Effect of the Weight of Floating Mass
Figure 7 presents comparisons of calculated results for a range

of values of the weight of the floating mass w3 between 635.5 and
2542 lb.

The calculations show that an increase in the weight of the float-
ing mass results in an approximately proportional increase in the
first maximum value of the force on the upper mass, as well as an
approximately proportional decrease in the second maximum value
of the force on the upper mass. This variation is to be expected be-
cause the impact force is related to the ratio of the weight of the
floating mass and the landing weight. The greater the ratio is, the
greater the first maximum value will be, and more energy the land-
ing region will dissipate during the first peak.Therefore, the second
peak is reduced correspondingly. Similar circumstances occur for
strut velocity and ground vertical force.

Effect of the Bulge Height
Figure 8 presents comparisons of calculated results for a range of

values of the bulge height h between 0.0 and 0.5 ft.
The calculations show that a decrease in the bulge height results

in no effect on the first maximum value of the force on the upper
mass and a significant increase in the second maximum value of the
force on the upper mass. This variation is to be expected because the
first maximum value of the force on the upper mass is completely
determined by the weight of the floating mass, the damping coeffi-
cient of the supporting damper, and the stiffness of the supporting
spring. The less the height is, the less the effect on landing behavior
will be. Similar circumstances occur for strut velocity and ground
vertical force.
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a) Time histories of force on upper mass

b) Time histories of shock strut stroke

c) Time histories of shock strut velocity

d) Time histories of ground vertical force

Fig. 5 Effect of stiffness of supporting spring on the behavior of landing gear impact.

a) Time histories of force on upper mass

b) Time histories of shock strut stroke

c) Time histories of shock strut velocity

d) Time histories of ground vertical force

Fig. 6 Effect of damping coefficient of supporting damper on behavior of landing gear impact.
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a) Time histories of force on upper mass

b) Time histories of shock strut stroke

c) Time histories of shock strut velocity

d) Time histories of ground vertical force

Fig. 7 Effect of floating mass on the behavior of landing gear impact.

a) Time histories of force on upper mass

b) Time histories of shock strut stroke

c) Time histories of shock strut velocity

d) Time histories of ground vertical force

Fig. 8 Effect of bulge height on behavior of landing gear impact.



J. AIRCRAFT, VOL. 42, NO. 6: ENGINEERING NOTES 1637

Conclusion
In this paper, we have introduced a new conception of a landing

region and have analyzed the behavior of landing impact based on
the model with a landing region. It is found that the force on the upper
mass is reduced 44.7% and 49.0% when a normal impact speed of
8.86 fps and a severe impact speed of 11.63 fps are considered,
respectively.

In addition, we have studied the effect of some landing region pa-
rameters on the behavior of landing impact. The study of the effects
of variations in the stiffness of the supporting spring indicate that
the stiffness of the supporting spring has only a limited effect on the
behavior of landing impact. An increase in the stiffness of the sup-
porting spring leads to a minor increase in the first maximum value
and a minor decrease in the second maximum value. The study of
the effects of variations in the damping coefficient of the support-
ing damper indicate that the damping coefficient of the supporting
damper also has a limited effect on the behavior of landing impact.
The effect of the damping coefficient of the supporting damper on the
landing impact is similar to the effect of the stiffness of the support-
ing spring. The study of the effects of the weight of the floating mass
indicates that the weight of the floating mass has an important effect
on the behavior of landing impact. An increase of the weight the
floating mass will result in an approximately proportional increase
of the first maximum value and an approximately proportional de-
crease of the second maximum value.The study of the effects of the
bulge height of the landing region indicates that the bulge height has
the most significant effect on the maximum value of impact force.
Obviously, if the bulge height equals zero, the behavior of landing
impact will be the same in the results without a landing region.

All of the above conclusions must be treated as tentative because
the actual landing region is not established yet. In addition, the be-
havior of all components of the landing region is idealized. Analysis
based on actual conditions will be the aim of further research.
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