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Abstract In order to solve the mass variation problem of aircraft landing gears, usually, semi-active or active
shock absorbers are considered first. In this study, however, several types of metering pin constructions are proposed,
and have been obtained optimal solutions through multi-objective optimization. The multi-objective optimization
methods to find optimum solutions of metering pin dimensions, displacements and the initial pressure of gas are
proposed to deal with the mass variation problem. The optimum pareto front sets of four passive shock absorbers are
compared and evaluated in this paper. Using the optimum solutions selected from the optimum pareto front sets, we
also evaluate and compare the performance of each passive shock absorber with different metering pin construction
through simulations. It is evident that the multi-objective optimization solutions of passive shock absorber with new
metering pin constructions reduced the mass variation problem to a certain extent. The optimization results and
method are helpful in the design of landing gears shock absorbers for various aircrafts.
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1. Introduction
Oleo-pneumatic shock absorbers, namely passive shock
absorbers are commonly used in medium/large aircraft
landing gears, and can be optimally designed for specific
conditions. However, passive shock absorbers cannot
function optimally under conditions that differ from their
specified conditions. This is called the mass variation
problem of passive shock absorbers. Instead of passive
shock absorbers, the active and the semi-active shock
absorbers in landing gears are used providing good
performance for both landing impact and taxi situations,
while having the ability to adapt to various ground and
operational conditions.
In Reference [1], Krüger focuses on optimization of
taxiing performance of a semi-active landing gear.
Ghiringhelli studies sensitivity of the complete aircraft
model to the variation of control parameters and compares
the results obtained in the simulated drop tests between
passive and semi-active approach [2]. Maemori [3]
proposes an optimization method for a semi-active landing
gear to handle variations in the maximum vertical
acceleration of an aircraft during landing caused by the
variation of the aircraft mass, which is always due to the
variations in the number of passengers, and the amounts of
cargo and fuel. In References [4], McGehee and Howell
studied on the active landing gear was experimentally
compared to a passive landing gear. In References [5], the

semi-active landing gear was designed using multiobjective optimization which has been applied in various
studies [6]. In Reference [7], the possible optimization
strategies for semi-active landing gear at touchdown and
during taxiing were discussed. In addition, problems
concerning mass variation have been discussed
(Kobayashi, et al., 2009 [8]; Kobayashi, et al., 2013 [9];
Maemori, et al., 2003 [3]; Maemori, et al., 2004 [10] and
SHI, et al., 2016 [11]) and in References [11], a bypass
shock absorber was discussed and tested to deal with the
mass variation problem.
Active control and semi-active control are widely used
approach in many field of vibration control. However,
compared with passive control, active and semi-active
control have excellent tunable ability due to their flexible
structure. Active control needs an external hydraulic
source to supply energy for the system, have complex
constructions and require a complex control system. They
also have high costs, and breaking risks. It is especially
difficult to install active or semi-active shock absorbers on
smaller aircrafts.
On the other hand, oleo pneumatic passive shock
absorbers are highly efficient as they can absorb and
remove vertical kinetic energy simultaneously. This is due
to the combination of the pneumatic spring force from the
compression of the gas, and the damping or removal of
energy due to the flow of hydraulic fluid through an
orifice element. This combination of elements allows the
system to be compact and highly efficient. The main
resistance during landing is the dynamic resisting force
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depending on the orifice area. Although the orifice is
merely a hole in the orifice plate, most designs have a
metering pin extending through it, and by varying the pin
diameter, the orifice area will also vary. This variation is
adjusted so that the strut load is constant under dynamic
loading.
In this paper, in order to reduce the mass variation
problem to make the passive shock absorber have the
same performance as the active or semi-active shock
absorbers to a certain extent. Several types of metering pin
constructions and some diameter approximate equation are
proposed, especially multi-tapered, single-parabolic and
multi-parabolic profiles metering pin are considered
applying in the shock absorber of landing gear is the first
time. Multi-objective optimization method, which to
define the maximum vertical acceleration of aircraft at
maximum and minimum masses as the multi-objective
function is proposed in this research.

2. Shock Absorber

of the fluid moving in the cylinder together with the rod
plays the role of the piston of the pneumatic spring.
When the external force is applied to the shock
absorber, for example, by the wheels of the landing gear,
the rod moves into the cylinder, and the damping fluid
partially fills the chamber, compressing the gas. This leads
to the elastic reaction of the pneumatic spring. As the rod
moves, the fluid flows through the holes in the tube
plunger producing the damping effect. A metering pin
with a variable cross section is attached to the rod
(Figure 1). As the rod moves, the metering pin moves
through the hole and changes the clearance through which
the fluid can flow. By appropriately profiling the metering
pin diameters along its length, we can provide the required
relationship for orifice areas. During light loadings, such
as landing at minimum mass, the orifice cross section is
large, thus reducing the forces during these perturbations.
During high loading the orifice cross section reduces
accordingly and the dampening force increases.
In this study, three new construction of metering pin are
proposed (Figure 2 (b), (c) and (d)).

In this study, we deal with metering pins type shock
absorber (Figure 1). The shock absorber that consist of
steel cylinder 1 and rod 2 which move in the cylinder in
two guide bearings 3 and 4. Guide bearing 3 is rigidly
attached to the rod and moves together with it, and guide
bearing 4 is attached to the cylinder. Between the inner
surface of the cylinder 1 and the outer surface of the rod 2,
there is a sealing ring 5. The guide bearing attached to the
rod has holes through which the damping fluid can flow
into the space between the cylinder and the rod. Inside the
cylinder, there is tube plunger 6 with holes for the
damping fluid to flow through. The plunger is attached to
the top lid of the cylinder. Between the internal surface of
the cylinder and rod, back valves 7 are placed to hamper
the flow of the liquid into this space during the backward
movement of the rod, thus increasing the damping effect.
The damping fluid partially fills the system as shown in
Figure 1. Above the liquid, at the top part of the cylinder,
there is a gas, which is compressed by the liquid when the
rod moves into the cylinder and elastically resists this
motion. Hence, this shock absorber combines a hydraulic
damper and a pneumatic spring into one unit. The column

Figure 1. Schematic diagrams of passive shock absorber with metering
pin

Figure 2. Schematic diagrams of the metering pin constructions
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3. Aircraft Landing Gear Model
3.1. Aircraft Weights
We deal with the Japanese national line Boeing
747-400 as the model. According to the JAL Practical
Dictionary Flight Plan, Aircraft Specifications and Ability
Table [11], the maximum design landing weight (MDLW)
is 260.4t. The MDLW is the maximum certificated design
weight for landing limited by aircraft strength and
airworthiness requirements. It generally depends on the
landing gear strength or the landing impact loads on
certain parts of the wing structure. The manufacturer’s
empty weight (MEW) is 164.3t, so the minimum landing
weight can be expressed as 164.3t + 5t (reserve fuel).
Hence, in this paper, the maximum mass is defined as
m1max=130t and the minimum mass as m1min = 85t for one
landing gear. The performance of masses m1max =130t and
m1min = 85t are discussed through simulations.

3.2. Resisting Forces of Shock Absorbers and
Equations of Motion
The pneumatic spring resisting force fK of the shock
absorber is expressed as

=
f K AO p0 {V0 / (V0 − AO x p )}e − pa AO

(1)

where p0 and V0 are the initial pressure and volume of the
gas in upper chamber respectively, and x p= x1 − x2 (as
shown in Figure 3). AO is the effective pressurized area
for outer diameters of the shock absorber. e is the
polytropic index of gas inside the shock absorber. pa is the
atmospheric pressure.

The resisting force fD due to the dynamic pressure is
expressed as

=
fD

DD / a ) x 2p , DD
(=

ρ AI3

/

2
(2CD
)

(2)

where a is the orifice area (in Figure 1 it is expressed as
axp). AI is the effective pressurized area for inner diameters of
shock absorber. CD is the discharge coefficient of orifice
area, and ρ is the density of fluid.
The total resisting force f of the shock absorber is
expressed as

=
f fK + fD

When the lift acting on masses m1 and m2 is equal to the
gravitational force acting on these masses, the equation of
motion for the two-mass system shown in Figure 3, is
expressed as
When 0 < x p < x p max , and as


x1 =
− f / m1 , 
x2 =
( f − kx2 ) / m2

(4)

When x p = 0 or x p = x p max



x1 =
−kx2 (m1 + m2 ), 
x2 =
x1

(5)

Where m1 is the mass of aircraft including passengers,
cargo, and fuel of one landing gear. m2 is the mass of tires
and moving part of the shock absorber. k is the total spring
constant of tires.
The orifice area (Figure 1) is calculated using Eq. (6).

=
a xp ahole −

π
4

2
Dxp

(6)

Where, ahole is the hole area which the metering pin going
through and axp is the orifice area which subtract metering
pin cross-section area depends on displacement xp from
the hole area. Dxp is the metering pin diameter depending
on displacement xp, is calculated in the section 4.2

4. Optimization Problem
In this study, we do optimization about the passive
shock absorbers with metering pin (Figure 1). The
multi-objective function of optimization is to minimize the
maximum vertical acceleration of the aircraft maximum
mass m1,min and minimum mass m1,max. As the design
variables, the diameters of the tapered (Figure 2 (a) and
(b)), and parabolic (Figure 2 (c) and (d)) profiles metering
pin, the initial pressure P0 (Eq. (1)) and the first step of
displacement xp1, the second step of displacement xp2
(Figure 2 (b) and (d)) are optimized at masses 85t and 130t.
We used MATLAB/Simulink 2015, and Global Optimization
Toolbox to run simulations and optimizations in this work.
The parameters used in the calculations are, the
effective pressurized area for inner and outer diameters of
shock absorber piston tube AO = 0.123m2, AI =0.059 m2,
the discharge coefficient of orifice area DD = 0.387 kg･m3,
the total spring constant of tires k = 4.3×106 kN/m, the
mass of tires and moving part of shock absorber
m2 = 1.8×103 kg, the polytropic index of gas inside
shock absorber e = 1.1, the atmospheric pressure
pa = 1.01325×105 Pa, the aircraft landing speed

Figure 3. Model of an aircraft landing gear

2
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(3)

x1,0 = 3 m/s , the maximum displacement x p max = 0.65 m,

and the area of the hole (Figure 1) ahole = 0.0078 m2.
The Global Optimization toolbox from MATLAB 2015
are used in order to conduct the optimization. The
gamultiobj solver creates four sets of Pareto front for a
multi-objective minimization using the genetic algorithm.

4.1. Multi-objective Function
The multi-objective function is to minimize the
maximum vertical acceleration of aircraft mass at m1=85t
and m1=130t, expressed as
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(7)

=
F min( F1 + F2 )
min

Dxp =

2d1 − 4d 2 + 2d3
x p 2max

where F1 = 
x1,85t max , F2 = 
x1,130t max .
The design variables are descripted and defined below
in section 4.2

4.2. Design Variables
In this study, including diameters di of metering pin, I
also proposed the displacements xp1, xp2 (Figure 2 (b) and
(d)) and the initial pressure of gas inside shock absorber
P0 (Eq. (1)) are the design variables. Because the
displacements xp1, xp2 and P0 are relationship each other. If
P0 becomes greater, the displacements xp1 and xp2 will
become shorter in the same landing condition. The step
displacements xp1, xp2 and the initial pressure of gas P0
must have the optimum values for the aircraft mass 85t
and 130t.

x 2p +

−3d1 + 4d 2 − d3
x p + d1. (12)
x p max

4.2.4. Three-Parabolic Profile
In this section, I proposed a three-parabolic curved
metering pin and diameter approximate equations. There
are ten design variables d1, d2,… d7, xp1, xp2 and P0
in this optimization problem. Similar to section 4.2.2, the
metering pin is divided into three parts, three-parabolic
profiles (Figure 2(d)). The bottom of the first parabolic is
the top of the next parabolic profile, connecting to each
other. The diameter of the three parts parabolic expressed
as Eq. (13), (14) and (15).
When 0 ≤ x p ≤ x p1 , the diameter is expressed as

Dxp =

2d1 − 4d 2 + 2d3
x 2p1

x 2p +

−3d1 + 4d 2 − d3
x p + d1 (13)
x p1

When x p1 ≤ x p ≤ x p 2 , the diameter is expressed as
In this section, the orifice area axp, which depends on
2d3 − 4d 4 + 2d5
displacement xp during landing when the mass is m1 =85t
=
Dxp
( x p − x p1 )2
(minimum mass) and 130t (maximum mass), is optimized
( x p 2 − x p1 )2
to find the optimal solutions for diameters d1, d2
(14)
−3d3 + 4d 4 − d5
(Figure 2(a)) and the initial pressure P0. The diameters
+
( x p − x p1 ) + d3
calculation is expressed as Eq. (8).
( x p 2 − x p1 )
(d − d )
(8)
Dxp= d1 + 2 1 x p .
When x p 2 ≤ x p ≤ x p max , the diameter is expressed as
x p max

4.2.1. Single-Taper Profile

=
Dxp

4.2.2. Three-Taper Profile

The metering pin is divided into three-tapered profiles
(Figure 2(b)). The bottom of the first taper is the top
of the next tapered profile, connecting to each other.
For the diameters di, the design variable numbers are
i =1, 2, 3, 4. Design variables are diameters di and P0. The
diameters of the three-tapered are expressed as Eq. (9),
(10) and (11).
When 0 ≤ x p ≤ x p1 , the diameter is expressed as
Dxp= d1 +

(d 2 − d1 )
xp
x p1

(9)

When x p1 ≤ x p ≤ x p 2 , the diameter is expressed as
( d3 − d 2 )
Dxp =
d2 +
( x p − x p1 )
( x p 2 − x p1 )

2d5 − 4d 6 + 2d 7
( x p max − x p 2 )

2

( x p − x p 2 )2

−3d5 + 4d6 − d7
+
( x p − x p 2 ) + d5 .
( x p max − x p 2 )

(15)

5. Optimization Results
Figure 4 is comparison optimum pareto front sets of four
kind shock absorber with different metering pin construction.
It is clear that each pareto front sets is arranged ideally.
The pareto front set of multi-taper is the smallest (red star),
and single-taper is the biggest (red triangles).

(10)

When x p 2 ≤ x p ≤ x p max , the diameter is expressed as
( d 4 − d3 )
Dxp =
d3 +
( x p − x p 2 ).
( x p max − x p 2 )

(11)

4.2.3. Single-Parabolic Profile
In this section, we proposed a single-parabolic curved
metering pin and diameter approximate equation. There
are four design variables d1, d2, d3 and P0 in this
optimization problem. The design variables d1, d2 and d3
are the top, middle and bottom diameters respectively
(Figure 2(c)). The calculation for the diameter of the
metering pin is expressed as

Figure 4. Comparison of Pareto fronts for multi-objective optimization
solutions
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For multi-taper (Figure 4 red stars sets) and multi-paraboric
(Figure 4 blue stars sets), 70 multi-objective optimal
results are obtained respectively. The middle of each
solutions sets are the better multi-objective solutions, and
be very close each other. On the ends of each pareto front
sets, solutions are separated, same as single-objective
optimal solutions optimized at mass 85t or 130t.
For single-taper (Figure 4 red triangles sets) and
single-paraboric (Figure 4 blue reverse triangles sets), 18
optimal results are obtained respectively. The pareto sets
fronts of single-taper and single-parabolic are separated
clearly. The solutions of single-parabolic are better than
single-taper.
For the multi-taper and the multi-parabolic, almost
same optimal results obtained in the middle of the pareto
front sets, and be found out little solutions function values
than single-taper and single-parabolic. This is because the
diameters of metering pin can change in detail along the
displacement.
Figure 5 and Figure 6 show the details of pareto front
sets of the single-taper and the single-parabolic metering
pin constructions. 6 optimum solution are selected from
18 feasible solutions respectively, shown in Figure 5 and
Figure 6. The optimum design variables, the diameters of
metering pin and the initial pressure of gas P0 are shown
in Table 1 and Table 2.
Figure 7 and Figure 8 show the details of pareto front
sets of the multi-taper and the multi-parabolic metering
pin. Six optimum solutions are selected from 70 feasible
solutions respectively, shown in Figure 7 and Figure 8.
The optimum design variables obtained, the diameters of
metering pin, step displacements xp1, xp2 and the initial
pressure of gas P0 are shown in Table 3 and Table 4.
The details of six optimal solutions of each metering
pin are shown in Table 1, Table 2, Table 3 and Table 4.
Approximate value of the initial pressure of gas P0 of
single-taper and multi-taper are 6.8×105Pa and 6.6×105Pa.
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Figure 5. Pareto front of single-taper

Figure 6. Pareto front of single-parabolic

Table 1. Optimization results of single-taper metering pin
Solution No.

Objective 1 (g)

Objective 2 (g)

d1 (m)

d2 (m)

P0 (Pa)

2

0.9253

0.9522

0.08424

0.09063

681912.2

3

0.8731

0.9975

0.08335

0.08870

680502.2

7

1.068

0.8096

0.08816

0.09086

693291.3

10

0.9060

0.9676

0.08395

0.08988

682076.9

12

0.9499

0.9303

0.08557

0.08941

688127.9

16

0.9912

0.8746

0.08634

0.09043

688458.8

Table 2. Optimization results of single-parabolic metering pin
Solution No.

Objective 1 (g)

Objective 2 (g)

d1 (m)

d2 (m)

d3 (m)

P0 (Pa)

1

0.8656

0.9848

0.08661

0.08513

0.09786

770325.0

2

1.080

0.7856

0.09163

0.08811

0.09826

771546.7

4

0.9384

0.9165

0.08899

0.08619

0.09897

770471.0

9

0.9288

0.9304

0.08920

0.08556

0.09834

771285.3

12

0.9465

0.9056

0.08766

0.08734

0.09880

770771.5

17

1.012

0.8405

0.08954

0.08808

0.09887

770720.5
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Figure 7. Pareto front of multi-parabolic

Figure 8. Pareto front of multi-taper

Table 3. Optimization results of multi-tapered metering pin
Solution No.

Objective 1 (g)

Objective 2 (g)

d1 (m)

d2 (m)

d3 (m)

d4 (m)

xp1 (m)

xp2 (m)

P0 (Pa)

3

1.088

0.7602

0.09474

0.08517

0.09397

0.06898

0.1350

0.5722

672919.1

5

0.8405

0.9637

0.08990

0.08110

0.09253

0.06507

0.1441

0.5371

658139.7

36

0.9000

0.8806

0.09184

0.08255

0.09431

0.06231

0.1241

0.5388

664137.8

63

0.9315

0.8508

0.09244

0.08324

0.09522

0.06435

0.1243

0.5421

660793.5

64

0.8953

0.8837

0.09288

0.08182

0.09493

0.07568

0.1140

0.5421

665058.2

65

0.8805

0.9031

0.09155

0.08187

0.09436

0.06039

0.1279

0.5398

658023.8

Table 4. Optimization results of multi-parabolic metering pin
Solution
No.

Objective
1 (g)

Objective
2 (g)

d1 (m)

d2 (m)

d3 (m)

d4 (m)

d5 (m)

d6 (m)

d7 (m)

xp1 (m)

xp2(m)

P0 (Pa)

5

1.093

0.7718

0.09338

0.08645

0.08994

0.09127

0.08777

0.07311

0.052034

0.35407

0.5760

854997.2

6

0.8980

0.8939

0.09253

0.08203

0.09067

0.09181

0.09482

0.07282

0.04626

0.3462

0.5655

848707.2

12

0.8886

0.9106

0.09184

0.08224

0.08984

0.09189

0.09523

0.07073

0.04840

0.3506

0.5653

849544.7

13

0.8942

0.9025

0.09197

0.08236

0.09034

0.09191

0.09552

0.07262

0.04781

0.3506

0.5710

849339.1

23

0.8628

0.9545

0.09124

0.08162

0.08803

0.09104

0.09364

0.06973

0.04929

0.3510

0.5707

849693.9

29

0.9438

0.8452

0.09287

0.08340

0.09231

0.09144

0.09259

0.07364

0.04484

0.3452

0.5697

851257.0

Approximate value of the single-parabolic and the
multi-parabolic are 7.7×105Pa and 8.4×105Pa, greater than
both single-taper and three-taper type metering pins.
About the first and second step displacement xp1 and xp2,
the second step displacement xp2 of multi-taper and
multi-parabolic are almost same as approximate value
0.55m (Table 3 and Table 4), but the first step
displacement xp1 are great different, xp1 of the multi-taper
is average 0.13m, the multi-parabolic is average 0.35m
(Table 3 and Table 4).
In Table 1, all solutions of the single-tapered metering
pin, d2 is greater than d1, so the shapes are tapers along the
displacement, but the tapering angles is very small. This
means that the diameters do not need to be changed
widely along the displacement. In Table 3, for the
three-tapered metering pin, there are the taper or reverse
taper shape for different step. This means that the orifice
areas can change in detail than the single-tapered metering
pin.
In order to confirm the performance of the optimum
solutions, three solutions of each type of metering pin
construction are selected from the pareto sets to simulate,

and to be plotted in Figure 9 to Figure 12. They are the
solutions, No.3, No.7 and No.12 of the single-taper
(Figure 5 and Table 1), No.1, No.2 and No.4 of the singleparabolic (Figure 6 and Table 2), No.3, No.5 and No.64 of
multi-taper (Figure 7 and Table 3), No.5, No.13 and
No.29 of multi-parabolic (Figure 8 and Table 4).
As an explaining example of Figure 9, Figure 10,
Figure 11 and Figure 12, Figure 12 is comparison of
accelerations for three multi-parabolic solutions No.5,
No.23 and No.29. The blue solid and broken lines are the
solution No.5 simulating the accelerations for aircraft
masses 130t and 85t (Figure 12), the results are
conventional as same as single-objective optimization
results at 130t, because that the blue solid line is ideal
solution of 130t, almost constant from starting to the end
of the line. The green solid and broken lines are the
solution No.23 simulating the accelerations for aircraft
masses 130t and 85t (Figure 12), have conventional
solutions as same as single-objective optimum results at
85t, because that the green broken line (85t) is ideal
solution of 85t, almost constant from starting to the end of
the line.
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value is decreased 11.45% than the green solid line, and
only be 8.708% greater than blue solid line (ideal solution
of 130t). The red solid line becomes bigger along the
displacement smoothly, approach parallel to the blue solid
line (ideal solution of 130t).
The optimum solutions of multi-objective optimization
are not ideal results to deal with aircraft mass 130t and 85t
like the results of single-objective optimization completely,
but the performance of results are very good.

Figure 9. Comparison of single-taper solutions

Figure 11. Comparison of multi-taper solutions

Figure 10. Comparison of single-parabolic solutions

The red solid and broken lines (Figure 12) are the
simulation of the solution No. 29 (Figure 7), which is in
the middle of the pareto front set between the solution No.
5 and No. 23 (Figure 7). About the red broken lines, the
maxmum acceleration value is decreased 13.69% (see
Figure 12) than blue broken line, be only 8.533% greater
than green broken line (ideal solution of 85t), and almost
parallel to the green broken line(ideal solution of 85t).
About the solid red lines, the maxmum acceleration

Figure 12. Comparison of multi-parabolic solutions

Figure 13. Metering pin diagrams of optimal solutions examples
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Figure 13 is the diagrams examples of metering pins
with single-taper (solution No.12), three-taper (solution
No.64), single-parabolic (solution No.4) and multi-parabolic
(solution No.6) profiles optimal solutions. For the
single-taper Figure 13 (a), the tapering angle is just
0.33850, the metering pin shape is close to a cylindrical
column. For the three-tapered metering pin construction,
the first step is a reverse taper, the second step is a taper,
and the third is a reverse taper (Figure 13 (b)). This
means that the orifice areas can vary in detail than the
single-taper metering pin.
For the parabolic metering pin, if the middle diameter
d2 is smaller or greater than top diameter d1 or bottom
diameters d3 (Figure 2 (c)), the profiles will become
concave or convex respectively. For example, Figure 13 (c)
is concave curve. Figure 13 (d) is the optimized
three-parabolic profiles, which have multi-convex and
multi-concave geometry on the same metering pin. The
first step is concave curve, the second step is half-convex
and half-concave and the third step is convex. Although
there are three parabolic profile parts, there are actually
seven diameter design variables and three different convex
or concave profiles that change the orifice areas finely and
smoothly along the displacement.

that the diameters do not need to be changed drastically
along the displacement of the shock absorber.
For the three-taper and the three-parabolic profiles,
based on the optimal solutions there are probably taper or
reverse taper and the convex or the concavet parabolic for
each step along the displacement. The diameters of the
metering pins can be changed in detail than single-taper
and single-parabolic along the displacement, while getting
better solutions easier, having better performance and
higher efficiency during the landing.
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