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The mechanical characteristics of the unlocking force of the landing gear finger lock were studied in this paper, the influence of its
diameter, fingertip angle, wear, and other factors on the unlocking force in one complete working cycle was analyzed, and the
sensitive parameters that affect the unlocking force were obtained. Firstly, the unlocking force and wear of finger lock were
calculated theoretically, and the changing rule of the unlocking force and wear with each parameter was obtained. Then, the
validity of the correlation coefficient and model was verified by experiment. Finally, combined with the effective coefficient
obtained from the experiment, the Archard wear model was used to simulate the change rule of lock force. The results show
that in one complete working cycle, the inner surface diameter is negatively related to the unlocking force, fingertip diameter
has little effect on the unlocking force, fingertip angle is negatively related to the unlocking force, and wear is positively related
to the unlocking force; friction coefficient and fingertip angle are high sensitive parameters that affect the unlocking force, which
have obvious effect on the unlocking force. The inner surface diameter, fingertip diameter of finger lock, and wear are the low
sensitive parameters that affect the unlocking force, and the influence on the unlocking force is weak.

1. Introduction

The landing gear is an important mechanism for aircraft
taking off and landing. When the landing gear is retracted
and released, the locking mechanism [1] will complete lock-
ing to realize the landing gear fixation, so that the aircraft
can take off and land safely. Therefore, whether the landing
gear lock mechanism can work normally is directly related
to the safety of the aircraft [2], which is an important part
of the landing gear design. During the use of the landing gear,
the lock mechanism will gradually wear during the unlocking
and locking process, resulting in the change of unlocking
force [3]. If the unlocking force is abnormal, it will lead to
the landing gear retraction failure, which will threaten the
safety of aircraft takeoff and landing [4, 5].

Many researches have been done on the parameter design
of the landing gear at both national and international levels
[6–8]. For example, the landing mechanical properties of

the landing gear with fixed design parameters were studied
[9]. The sensitivity factors of the landing gear were studied,
and the design parameters of the landing gear were optimized
[10]. There are also many theories about wear problem [11].
Wear is a kind of phenomenon in contact. Hertz [12] contact
and Coulomb [13] friction theorem in contact theory are
often used to calculate friction. There are many different the-
oretical models for wear calculation. For example, Archard
used the Archard model to study the effect of wear on the
dynamic performance of mechanisms under complex work-
ing conditions [14]. Nowotyńska and Kut calculated the wear
using the energy density method and obtained the wear result
of the finger lock [15]. Rupert and Schuh used the Archard
model to calculate the wear [16]. Alroqi and Wang used the
Archard model to study the wear of aircraft tires [17]. Ying
et al. studied the Archard model for a certain type of aircraft
joint [18]. Wang et al. used the integrated wear rate equations
of Usui, Takeyama, and Attanasio to study the tool wear [19].
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Wang et al. used the latest artificial neural network method to
study the wear problem [20].

In the actual use process, it can be found that the unlock-
ing force of the finger lock will change in a complete working
cycle (500 unlocking cycles), which has an impact on the
stability of the landing gear retraction and release, and even
occurs jamming in serious cases. Therefore, it is necessary to
study the sensitivity of each design parameter to the influence
of unlocking force and the change rule of unlocking force. In

this paper, the influence of different parameters on the unlock-
ing force in a complete working cycle (500 unlocking cycles) of
the landing gear was studied. The mechanical characteristics
of the unlocking process of finger lock were analyzed theoret-
ically. Then, through the experiment, the real landing gear
retraction and release process of the finger lock unlocking
process was simulated, and the theoretical calculation of the
relevant parameters was verified. Finally, an effective finite
element model was established, and the sensitivity of each
parameter to the unlocking force was obtained.

2. Mechanical Model of Finger Lock

2.1. Finger Lock Introduction. The landing gear is folded or
unfolded when the aircraft takes off or lands. In order to
make the aircraft safe, it is necessary to use the locking mech-
anism to lock the retractable landing gear. The lower lock is
often used in the folding landing gear. When the landing gear
changes from the folded state to the unfolded state before
landing, the lower lock is needed to lock the landing gear to
maintain its stable unfolded state. The typical working state
of the locking mechanism is shown in Figure 1.

Finger lock is a kind of lower lock, which is stable and
reliable and can bear large load. This type of lock mechanism
is shown in Figure 2. The unlocking and locking process of
the finger lock needs to be completed with the assistance of
relevant auxiliary mechanisms [21, 22].

The main design parameters of the finger lock studied in
this paper are shown in Figure 3. As shown in Figure 3, the

(a) Locked status (b) Unlocked status

Figure 1: Working status of locking mechanism.
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Figure 2: Assembly drawing of the finger lock.
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Figure 3: Main parameters of the finger lock.
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bulge at the bottom of the finger lock matches the groove on
the corresponding base. When they are in the locked posi-
tion, the retaining ring will move to wrap the finger lock
and lock the locking mechanism. The sensitive parameters
are inner surface diameter Φ1, fingertip diameter Φ2, and
fingertip angle θ.

2.2. Mechanical Model of Finger Lock Unlocking Force. The
force model of the type lock is shown in Figure 4. During
the working process of the finger lock, the top of the finger
lock is subject to tensile force P; the finger lock and base are
in line contact at B, the finger lock is subject to normal
pressure Fj and tangential static friction f j at B; the finger lock
and retaining ring are in face contact at F. Because the retain-
ing ring moves down at a constant speed under the action of
FL in the unlocking process, the finger lock is affected by the
normal surface pressure FZ (contact area S) and the tangential
dynamic friction f Z at F. The external forces of finger lock are
Fj, f j, FZS, f Z , and P, where P is the known preload. FL refers
to the unlocking force of the type lock, which is equal to the
tangential dynamic friction f Z .

In the process of retaining ring falling at a constant speed,
the finger lock is stationary. Therefore, the external force on
the finger lock is balanced. The force balance equation and
moment balance equation of the finger lock are as follows.

The force balance equation in X direction is as follows:

FZS + f j sin θ = Fj cos θ: ð1Þ

The force balance equation in Y direction is as follows:

P = Fj sin θ + f j cos θ + f Z: ð2Þ

Taking point B as the center, the moment balance equa-
tion is as follows:

PLAGx
2 = FZSLBFy + f ZLBFx: ð3Þ

In Figure 4 the friction is dynamic friction at F, so the
pressure and friction force equation can be obtained:

f Z = μFZS: ð4Þ

In Figure 4, observing the geometric parameters of the
finger lock, it can be known that the angle θ between edge
BD and edge AB is an independent variable; the width of edge
AG is an independent variable, and the length of edge BD is
an independent variable. The relationship between other
known parameters and variables is as follows:

LAGx =
Φ −Φ1

2 , ð5Þ

LBFy = LCEy + LBDx tan θ, ð6Þ
LBFx = LAGx: ð7Þ

In equations (5)–(7) and Table 1, LAGx represents the
length of edge AG in X direction, LBFy represents the length
of point B to point F in Y direction, LCEy represents the
length of point C to point E in Y direction, LBDy represents
the length of point B to point D in Y direction, LBFx repre-
sents the length of point B to point F in X direction, and
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Figure 4: The finger lock unlocking force. (a) Overall model. (b) Partial model.

Table 1: Related geometric parameters.

Geometric parameter Value

Φ (mm) 180.0

Φ1 (mm) 111.6

Φ2 (mm) 98.0

LCEy (mm) 11.0

LBDx (mm) 6.8

θ 45°
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LBDx represents the length of point B to point D in X
direction.

Finally, the unlocking force f Z can be obtained by solving
equations (1)-(7):

f z =
P Φ −Φ1ð Þ

2 LCEy + LBDx tan θ
� �

/μ
� �

+Φ −Φ1
� � : ð8Þ

The relationship among f Z , Φ1, and θ is shown in
Figure 5, where X axis is Φ1; Y axis is θ; and Z axis is f Z .
According to Figure 5, when θ is in the range of 0°~90°, f Z
decreases with the increase of θ, so they are negatively corre-
lated. When Φ1 within 100mm~180mm, f Z decreases with
the increase of Φ1, so they are negatively correlated.

2.3. Wear Prediction Model of Finger Lock

2.3.1. Maximum Deflection of Finger Lock. After unlocking
the retaining ring, the base is fixed and the finger lock is con-
trolled to move upward for 40mm. This process is the land-
ing gear unlocking process. In this process, the finger lock is

opened by the base, and the single finger of the finger lock is
in a pure bending state. In Figure 6, it refers to the geometric
position of the maximum bending of the type lock in this
process.

As shown in Figure 6, edge AB is expressed as c, edge BC
is expressed as a, edge AC is expressed as b, length of CD is h,
point A is angle α, point B is angle β, and point C is angle γ.
The relationship between γ and θ in Figure 4 is γ + θ = π.

According to triangle geometry, sine theorem, and cosine
theorem, it can be obtained as

cos γ = a2 + b2 − c2

2ab , ð9Þ

sin α = h
b
, ð10Þ

sin β = h
a
, ð11Þ

sin α

a
= sin β

b
= sin γ

c
: ð12Þ

The deflection at point C can be obtained by solving
equations (9)–(12):

h = a2 sin γ cos γ +
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2c2 sin2γ − a4 sin4γ

p
c

: ð13Þ

In equation (13), γ is

γ = π − θ: ð14Þ
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Figure 6: Force analysis of the finger lock in unlocking process.
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According to the proportional relationship in Figure 6,
the deflection at point A can be obtained:

hA =
c
a
h = a sin γ cos γ +

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 sin2γ − a2 sin4γ

q
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 sin2θ − a2 sin4θ

p
− a sin θ cos θ:

ð15Þ

The relationship among hA, c, and θ is shown in Figure 7.
It can be observed from Figure 7 that in the range of
117mm~140mm, hA increases with the increase of c, so they
are positively related. In the range of 0°~90°, hA increases
with the increase of θ, so they are positively correlated.

2.3.2. Maximum Pressure of Finger Lock in Pure Bending.
According to the deflection equation, pressure N at point A
can be obtained:

N = 3hAEI
c3

: ð16Þ

Taking equation (15) into equation (16), pressure N can
be obtained:

N =
3 a sin γ cos γ +

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 sin2γ − a2 sin4γ

p� �
EI

c3
,

  =
3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 sin2θ − a2 sin4θ

p
− a sin θ cos θ

� �
EI

c3
:

ð17Þ

According to Figure 6, total pressure N is vertically
downward. Therefore, pressure NV perpendicular to edge A
C at point A is

NV = N
cos α =

3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 sin2θ − a2 sin4θ

p
− a sin θ cos θ

� �
EI

c3 cos α :

ð18Þ

In equation (18), cos α is

cos α =

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − h2

b2

s
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2c2 sin2θ − a4 sin4θ

p
− a2 sin θ cos θ

c
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 − a2 sin2θ

p
− ca cos θ

 !2
vuut :

ð19Þ

The relationship between NV and c and θ is shown in
Figure 8, where X axis is c, Y axis is θ, and Z axis is NV . It
can be observed from Figure 8 that within the value range
of 117mm~140mm, NV increases with the increase of c, so
their relationship is a positive correlation and the change rate
is very small. In the range of 0°~90°, NV increases with the
increase of θ, so their relationship is a positive correlation
and the change rate is large.

2.3.3. Wear Calculation Model of Finger Lock. The Archard
wear calculation model is a commonly used wear theory
model, which is based on the classical material elastic-
plastic deformation. According to this theory, the forms of
wear can be divided into abrasive wear, corrosion wear,
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Figure 11: The pull rod strain gauge in the experiment. (a)
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adhesion wear, fatigue wear, and so on. According to the
actual situation, the main wear forms of the finger lock are
abrasive wear and adhesive wear. They have a common basic
contact hypothesis: the wear of contact body is related to
their material properties, normal pressure of wear surface,
and wear distance. The following is its constitutive equation:

V = KNV

H
l: ð20Þ

In equation (20), V is the wear volume, K is the wear
coefficient, NV is the normal contact force, l is the sliding dis-
tance, and H is the hardness coefficient.

The differential equations of the Archard model can be
obtained by differential equations on both sides of the equa-
tion:

dV = KNV

H
dl: ð21Þ

According to Figure 6, in the finger lock, l is the length of
edge AC:

l = b: ð22Þ

Taking equation (22) into equation (21), it can be
obtained as

dV = KNV

H
db: ð23Þ

According to the geometric relationship of the finger lock
in Figure 6, it can be obtained as

sin β = h
a
, ð24Þ

sin β

b
= sin γ

c
: ð25Þ

Solving equations (13), (24), and(25), b can be obtained as

b = hc
a sin γ

= a cos γ +
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 − a2 sin2γ

q
: ð26Þ

Taking the differential between the two sides of equation
(26), it can be obtained as

db = cdcffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 − a2 sin2γ

p : ð27Þ

Then, taking equations (18) and (27) into equation (23), it
can be obtained as

dV =
3KEI a sin γ cos γ +

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 sin2γ − a2 sin4γ

p� �
cos αHc2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 − a2 sin2γ

p dc

=
3KEI −a sin θ cos θ +

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 sin2θ − a2 sin4θ

p� �
cos αHc2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 − a2 sin2θ

p dc:

ð28Þ

In equation (28), E is Young’s modulus of the finger lock
and I is the moment of inertia of the finger lock.

As shown in Figure 9, according to the initial geometric
parameters, the value range of c is 117mm to 125mm. The
angles of θ are 30°, 45°, and 60°, respectively. It can be
observed that in this range, the change rate of the original
function curve is small.

001 013 017 021

Figure 13: The finger locks used in the experiment.

Table 2: Design parameters table for each finger lock.

Model Φ1 (mm) Φ2 (mm) θ (°)

001 111.6 98 45

013 113.6 98 45

017 111.6 102 45

021 111.6 98 60

Table 3: Axial preload of finger locks.

Number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Force
(kN)

1 1.5 2 3 4 5 6 7 8 9 10 12 14 16 18 20
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(a) Type 001 unworn (b) Type 001 worn

Figure 14: Real object comparison of type 001 between unworn and worn.
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By integrating the equation (28), the value of V can be
obtained as

V =
ðc1
c0

3KEI a sin γ cos γ +
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 sin2γ − a2 sin4γ

p� �
cos αHc2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 − a2 sin2γ

p dc,

  =
ðc1
c0

3KEI −a sin θ cos θ +
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 sin2θ − a2 sin4θ

p� �
cos αHc2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 − a2 sin2θ

p dc:

ð29Þ

In equation (29), c0 and c1 are the longest and shortest
lengths of c in Figure 6, respectively. According to the geo-
metric relationship, it can be obtained as

c0 = a,

c1 = a + Φ1 −Φ2
sin θ

cos α:
ð30Þ

By calculating the area under the curve in Figure 9, the
numerical solution of V can be obtained.

By observing Figure 4, it can be known that the corre-
sponding surface of edge BC is worn. It is assumed that the sur-
face area is SBC. The thickness of the wear can be calculated as

t = n
V
SBC

= n
SBC

ðc1
c0

3KEI −a sin θ cos θ +
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 sin2θ − a2 sin4θ

p� �
cos αHc2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 − a2 sin2θ

p dc: ð31Þ
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Figure 16: Friction coefficient curve of each finger lock with unworn.
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In equation (31), n is the cycle of wear. The SBC and I are

SBC = LBC ⋅ LBCz =
Φ1 −Φ2ð Þ
sin θ

Φπ

36 − 2
� �

, ð32Þ

I = Φπ/36ð Þ − 2ð Þ Φ −Φ1ð Þ
12 : ð33Þ

Therefore, the thickness variation caused by wear in Y
direction is

ty = t ⋅ sin θ = nKE Φ −Φ1ð Þ sin2θ
4H Φ1 −Φ2ð Þ

ðc1
c0

−a sin θ cos θ +
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 sin2θ − a2 sin4θ

p

cos αc2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 − a2 sin2θ

p dc:

ð34Þ

It can be observed from Figure 9 that the derivative of the
curve of wear volume changes little within the value range.
Therefore, the approximate solution of ty can be approxi-
mately calculated as the area of triangle under the curve:

ty ≈
nKE Φ −Φ1ð Þ sin θ

8H

⋅

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a + Φ1 −Φ2ð Þ/sin θð Þ cos αð Þ2 sin2θ − a2 sin4θ

q
− a sin θ cos θ

a + Φ1 −Φ2ð Þ/sin θð Þ cos αð Þ2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a + Φ1 −Φ2ð Þ/sin θð Þ cos αð Þ2 − a2 sin2θ

q :

ð35Þ

The relationship among Φ1, Φ2, θ, and wear is shown in
Figure 10. It can be observed from Figure 10 that within the
value range of 109mm~115mm, ty increases with the increase
of Φ1, so they are positively related and the change rate is
small. In the range of 98mm~102mm, ty decreases with the
increase of Φ2, so they are negatively correlated with a small
rate of change. In the range of 0°~90°, ty first increases with θ

, reaches the maximum near 70°, then decreases, and the
change rate is large.

3. Wear Calculation Model for Calibrating
Finger Lock in Experiment

3.1. Introduction of Experimental System. The experiment of
finger lock was carried out on the SANS electric tension and
compression tester. After preloading, the retaining ring is
pulled down through the pull rod to unlock. The unlocking
force under preload can be obtained by measuring the strain
of pull rod. Strain gauge arrangement of pull rod is shown in
Figure 11

In the experiment, the assembly drawing of the finger
lock is shown in Figure 12.

As shown in Figure 13, in the experiment, four types of
finger locks were tested [23, 24]. The specific design parame-
ters of the finger lock are shown in Table 2. For these four
finger locks, 001 is the reference parameter finger lock, and
the other three finger locks change one design parameter,
respectively.

This experiment consists of three parts: (1) fixed preload
unlocking experiment with no wear, (2) one complete work-
ing cycle experiment (500 unlocking cycles), and (3) fixed
preload unlocking experiment after wear.

(1) Fixed preload unlocking experiment with no wear: as
shown in Figure 12, the base was fixed, after the fin-
ger lock was sleeved into the base, the retaining ring
was sleeved on the outside of the finger lock. Firstly,
the loading device was controlled to apply the axial
tension P of the finger lock (the different axial pre-
load in the experiment are shown in Table 3).
Because of the existence of retaining ring, the finger
lock had no axial displacement. Then, applied a ver-
tical downward unlocking force to the retaining ring.
After the retaining ring moves for 10mm, the
unlocking process was completed.

(2) One complete work cycle experiment: pulled down
the retaining ring, then controlled the loading device
to move the finger lock upward for 40mm, and then
returned the original path to the starting position of
0mm, which meant one unlocking cycle was com-
pleted. For the whole process, the rising process was
the unlocking process, and the return process was
the locking process. This process was repeated 500
times.

(3) Fixed preload unlocking experiment after wear: after
500 unlocking cycle experiments of the finger lock,
the debris on the surface of the test piece and fixture
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Figure 17: Wear integral curve of different finger locks.

Table 4: Theoretical calculation results of wear thickness of each
finger lock.

Model Wear volume V (mm3) Wear thickness ty (mm)

001 25.0 0.19

013 14.0 0.20

017 10.5 0.16

021 17.0 0.31
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was cleaned. The fixed preload unlocking experiment
according to (1) was repeated.

3.2. Experimental Result. As shown in Figure 14, it is the test
article comparison of 001 finger lock before and after wear. It

could be observed from the surface of the finger lock that
after 500 unlocking cycles, the convex part of the finger lock
presents a small wear mark which is horizontal to the direc-
tion of movement. The surface of the wear was brighter,
and the brighter the area was, the more serious the wear
was. It could be observed from Figure 14 that the upper
and lower chamfers of the finger lock bulge showed obvious
brightness, with obvious boundary compared with other
positions, and the plane between the upper and lower cham-
fers had obvious scratches.

As shown in Figure 15, the relationship between the
unlocking force and axial preload of the finger lock with dif-
ferent design parameters can be obtained. The abscissa is the
finger lock axial preload and the ordinate is the finger lock
unlocking force corresponding to preload, in which tensile
force is positive and compression force is negative. The finger
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Figure 18: Friction coefficient curve of each finger lock after worn.

Table 5: The change of friction coefficient of the finger lock in
experiment.

Model
Friction coefficient with

unworn
Friction coefficient after

wear

001 0.08 0.07

013 0.06 0.06

017 0.07 0.06

021 0.05 0.04
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lock of each design parameter is made into a diagram, and
each diagram has two curves, respectively: the linear fitting
curve corresponding to the relationship between the preload
and unlocking force when the finger lock is unworn, and the
linear fitting curve corresponding to the relationship between
preload and unlocking force after 500 unlocking cycles.

It can be observed from Figure 15 that the unlocking
force of the four types of finger locks is basically linearly pro-
portional to preload, and the unlocking force will increase
with the increase of preload. After 500 unlocking cycles of
the finger lock, the unlocking force with the same preload is
smaller than that with unworn.

3.3. Parameter Calibration of Finger Lock with Unworn. In
Section 2.2, the unlocking force of the finger lock is calculated
theoretically, and the friction coefficient in the equation is
unknown. The friction coefficient can be obtained by com-
paring the experimental and theoretical results of four finger
locks, as shown in Figure 16.

The friction coefficients of curves are 0.04, 0.05, 0.06,
0.07, and 0.08, respectively, in Figure 16. The friction coeffi-
cient between the finger lock and retaining ring can be
obtained by comparing the slope of experimental value and
theoretical curve.

3.4. Parameter Calibration of Finger Lock after Worn. As
shown in Figure 17, it is the wear volume curve of different
finger locks in the experiment. The corresponding wear
volume can be obtained by calculating the area under the
curve, respectively. The component of wear thickness in Y
direction refers to the upward movement displacement in Y
direction after wear of type lock, which is ty.

According to the theoretical formula, the theoretical wear
thickness is calculated, as shown in Table 4.

According to the geometric relationship after wear, the
unlocking force curve after wear can be calculated. The
friction coefficient can be obtained by comparing the experi-
mental and theoretical results of four finger locks after wear,
as shown in Figure 18.

As shown in Figure 18, in the curve of each finger lock,
the friction coefficients are 0.04, 0.05, 0.06, 0.07, and 0.08,
respectively, and their curves are drawn. According to the
comparison between the slope of the experimental value
and the slope of the theoretical curve, after 500 unlocking
cycles, the friction coefficients between the finger lock and
the retaining ring become smaller, as shown in Table 5.

4. Finite Element Model of Finger Lock

4.1. Create the Finite Element Model. The finger lock is a solid
with cylindrical symmetry, and its load and constraint are
also of cylindrical symmetry. Therefore, it is reasonable to
simplify the model axisymmetrically [6, 25]. Only one of
the 36 contact fingers need to be extracted for analysis. Sim-
ilarly, the base is a solid with cylindrical symmetry. The sim-
plified process of the finite element model is shown in
Figure 19. In order to improve the accuracy of calculation,
the chamfer geometry of the contact position between the
finger lock and the base is preserved. Because the contact sur-
face is located in the finger lock bulge, the mesh here needs to
be more dense in order to improve results’ accuracy.

The software used is MSC Marc [26]. According to the
experimental requirements and relevant references, the wear
coefficient is set K = 10−4. The material property of 40CrNi2-
Si2MoVA is set according to Table 6.

The subroutine of Marc is written in Fortran. The sub-
routine used for wear simulation is called “uwearindex,”
and users can use a wide range of internal variable sets.
According to the experimental results, a function relation-
ship between the wear and friction coefficient is set up to
simulate the change of friction coefficient during wear.

4.2. Simulation Maps. After simulation, the wear map of fin-
ger lock can be obtained. In the calculation process of 500
unlocking cycles, wear gradually occurred. The wear change
map of 001 finger lock in different steps is shown in
Figure 20. When the finger lock is worn 200 cycles, 400
cycles, and 500 cycles, the contact surface will show different
wear states, the wear steps of each position is different, and
the wear severity is also different.

It can be observed from Figure 20 that the main wear
position of the finger lock occurs at the convex position
where the inner surface of the lower part of the finger lock
contacts the base, while no obvious wear occurs at other parts
of the finger lock. After wear 200 cycles, 400 cycles and 500
cycles, the wear map shows a gradual change. With the

(a) Mesh of a finger lock (b) Mesh of a single contact finger (c) Mesh of a finger lock bulge 

Figure 19: Mesh of the finger lock. (a) Mesh of a finger lock. (b) Mesh of a single contact finger. (c) Mesh of a finger lock bulge.

Table 6: 40CrNi2Si2MoVA mechanical properties parameters.

Material
Elastic modulus

(GPa)
Poisson’s
ratio

Hardness

40CrNi2Si2MoVA 199 0.32 HRC45~HRC51
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increase of unlocking cycles, the outer edge of the contact
surface will wear first, and the whole contact process is a line
contact process. Finally, the maximum position of wear is
located at the lower chamfer of the finger lock protrusion
and the protrusion of base contact. At this position, the
entire chamfer is worn. In the plane between the upper
chamfer and the lower chamfer, there is partial wear on
the left and right sides of the plane of the finger lock, and

it presents a toothed distribution; the upper chamfer of the
finger lock protrusion is another location where there is
greater wear, but the wear here presents a distribution where
the wear at both ends is serious and the wear in the middle is
small; the upper inclined surface of the finger lock protru-
sion also has wear.

Comparing the experimental wear map and the simu-
lated wear map in Figure 21, it can be found that the wear

(a) Unworn (b) Wear 200 cycles

(c) Wear 400 cycles (d) Wear 500 cycles

Figure 20: Wear map of 001 finger lock in different steps.

(a) Simulated wear map (b) Experimental wear map

Figure 21: Comparison of wear between the simulated surface and experimental surface of 001.
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position and trend of the experimental results and the simu-
lation results are consistent, and the maximum wear position
both occur at the upper and lower chamfers of the finger lock
bulge.

4.3. Comparative Analysis of Experimental and Finite
Element Results. The comparison between the experimental
results and simulation results of the unlocking force of four
types of finger locks before and after wear is shown in
Figure 22. Comparing the simulation and experimental
curves of four finger locks, it can be found that in the process
of preloading from 1kN to 20 kN, the unlocking force of
finger lock is basically proportional to the simulation data

of axial preload, and the unlocking force of retaining ring
in the simulation model will increase with the increase of
axial force, and the error of simulation curve and experi-
mental curve is not more than 10%. However, the fitting
degree of simulation and experimental curve of unlocking
force after wear is higher before 10 kN. When it is higher
than 10 kN, the simulation curve will be slightly smaller
than the experimental curve with the increase of preload.
This may be because wear is a nonlinear process. As the
preload becomes larger, the contact changes nonlinearly,
which leads to the difference between the experimental
results and the simulation results. Comparing the simula-
tion and experimental curves, it can be known that the
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Figure 22: Various types of finger lock simulation and experiment comparison curves of unlocking force and axial preload.
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trend of simulation data and experimental data is consis-
tent, which better reflects the mechanical behavior of finger
lock unlocking force.

5. Sensitivity Analysis of Parameters

According to the effective finite element model of the finger
lock, the finger lock models with different parameters are
calculated. According to the numerical calculation results,
the change rule of unlocking force and the sensitive parame-
ters that affect the unlocking force of the finger lock are com-
pared and analyzed.

5.1. Influence of Friction Coefficient on Unlocking Force of
Finger Lock. As shown in Figure 23, friction coefficient is an
important parameter affecting unlocking force. The simula-
tion results of unlocking force and preload corresponding
to different friction coefficients are shown in Figures 23(a)
and 23(b) when the values of θ are 45° and 60°. There are five
curves in each figure. The values of curves are five groups of
values with an interval of 0.01, which are 0.04, 0.05, 0.06,
0.07, and 0.08, respectively. It can be observed from
Figure 23 that when the friction coefficient increases, the
unlocking force of the finger lock will increase, so they are
positively related, and the change of the friction coefficient
has a greater impact on the unlocking force.
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Figure 23: Influence of friction coefficient on unlocking force of the finger lock.
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Figure 24: Influence of Φ1 on unlocking force of the finger lock.
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5.2. Influence of Φ1 on Unlocking Force of Finger Lock. As
shown in Figure 24, diameter Φ1 is an important parameter
affecting unlocking force. The simulation results of unlocking
force and preload corresponding to different diameter Φ1 are
shown in Figures 24(a) and 24(b) when the values of θ are 45°

and 60°. There are four curves in each figure. The values ofΦ1
corresponding to these four curves are four groups of values
with an interval of 2mm, which are 109.6mm, 111.6mm,
113.6mm, and115.6mm, respectively. As can be observed
from Figure 24, whenΦ1 becomes larger, the unlocking force
of the finger lock will become smaller, so they are negatively
related. The distance between the four curves is very small, so
the change of Φ1 has little effect on the unlocking force.

5.3. Influence of Fingertip Angle on Unlocking Force of Finger
Lock. As shown in Figure 25, the fingertip angle θ is an
important parameter affecting the unlocking force. The sim-
ulation results of different unlocking forces and preload are
shown in Figures 25(a) and 25(b) when the values of Φ1 are
111.6mm and 113.6mm. There are three curves in each fig-
ure. The values of θ corresponding to these three curves are
30°/45°/60°. As can be observed from Figure 25, the unlock-
ing force of the finger lock will be smaller when it is larger,
so they are negatively related. The change of θ leads to the
obvious change of the lock force, so the change has a great
influence on the unlocking force.

5.4. Influence of Wear on Unlocking Force of Finger Lock.
After 500 unlocking cycles, the length of edge BC of the finger
lock in Y direction will be reduced due to wear. This wear
thickness is the direct influence factor of wear on unlocking
force, and Φ1, Φ2, and θ will affect the wear.

As shown in Table 7, when μ = 0:05, θ = 45°, andΦ2 = 98,
the wear thickness in Y direction of edge BC corresponding
to different Φ1 can be obtained. The larger Φ1 is, the greater
the wear thickness is. Therefore,Φ1 is positively related to the
wear thickness. By observing Figure 26, it can be known from
the simulation calculation that when theΦ1 of the finger lock
is the same, the worn curve is above the unworn curve, so the
wear will cause the unlocking force to increase. However, it
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Figure 25: Influence of fingertip angle θ on unlocking force of the finger lock.

Table 7: Wear thickness corresponding to different Φ1.

Φ1 (mm) Wear thickness ty (mm)

109.6 0.17

111.6 0.19

113.6 0.20

115.6 0.20
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Figure 26: Unlocking force corresponding to different Φ1, and μ
= 0:05, θ = 45°, and Φ2 = 98:

16 International Journal of Aerospace Engineering



can be observed from Figure 26 that the curve separation
before and after wear is very small, so the impact of wear
on the unlocking force of the finger lock is small.

As shown in Table 8, when μ = 0:05, Φ1 = 111:6, and
Φ2 = 98, the wear thickness of edge BC corresponding to
different θ in Y direction can be obtained. The greater the θ
is, the greater the wear thickness is. θ is positively related to
wear thickness. By observing Figure 27, it can be known from
the simulation calculation that when the finger locks are the
same, the worn curve is above the unworn curve, so the wear
will cause the unlocking force to increase. It can be observed
from the figure that the curve separation before and after
wear is very small, so the impact of wear on the unlocking
force of finger lock is small.

As shown in Table 9, when μ = 0:05, θ = 45°, and Φ1 =
111:6, the wear thickness of edge BC corresponding to differ-
ent Φ2 in Y direction can be obtained. The larger Φ2 is, the
smaller the wear thickness is. Therefore, Φ2 is negatively
related to the wear thickness. By observing Figure 28, it can
be known from the simulation calculation that when the Φ2
of the finger lock is the same, the worn curve is above the

unworn curve, so the wear will cause the unlocking force to
increase. It can be observed from the figure that the curve
separation before and after wear is very small, so the impact
of wear on the unlocking force of finger lock is small.

In a word, combining the curves before and after wear in
Figures 26–28, it can be known that wear will lead to a larger
unlocking force, and the separation between the curve after
worn and the curve with unworn is very small, so wear has
little impact on the unlocking force of the finger lock after
500 unlocking cycles.

6. Conclusions

The relationship between the preload and the unlocking
force of the finger lock in the landing gear actuator (different
design parameters: finger lock Φ1, Φ2, and θ) is studied in
this paper. Through theoretical calculation, experimental
verification, and finite element simulation, the following
conclusions can be drawn:

(1) During one complete working cycle (500 unlocking
cycles), the contact surface of the finger lock is worn.
The friction coefficient of the contact surface is
changed due to wear, and the friction coefficient of
the finger lock will decrease with the increase of the
unlocking cycles, and the unlocking force will decrease

(2) The diameter of finger lock Φ1 is negatively corre-
lated with unlocking force; Φ2 has no effect on
unlocking force; θ is negatively correlated with
unlocking force; and the wear is positively correlated
with unlocking force

(3) The diameter of finger lock Φ1 is positively correlated
with wear; Φ2 is negatively correlated with wear; θ is
positively correlated with wear at 0°~70°. The

Table 8: Wear thickness corresponding to different θ.

θ (°) Wear thickness ty (mm)

30 0.09

45 0.19

60 0.31

0 5000 10000 15000 20000
0

500

1000

1500

2000

2500

U
nl

oc
ki

ng
 fo

rc
e (

N
)

Axial preload (N)

𝜃 = 30° unworn
𝜃 = 45° unworn
𝜃 = 60° unworn

𝜃 = 30° worn
𝜃 = 45° worn
𝜃 = 60° worn

Figure 27: Unlocking force corresponding to different θ and μ =
0:05, Φ1 = 111:6, and Φ2 = 98.

Table 9: Wear thickness corresponding to different Φ2.

Φ2 (mm) Wear thickness ty (mm)

94 0.21

98 0.19

102 0.15

106 0.10
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Figure 28: Unlocking force corresponding to different Φ2 and μ
= 0:05, θ = 45°, and Φ1 = 111:6.
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maximum wear position occurs at the lower edge of
the finger lock protrusion, and the wear of the upper
slope of the finger lock bulge affects the unlocking force

(4) The change of friction coefficient is the main factor
that affects the unlocking force. The friction coeffi-
cient and fingertip angle θ of the finger lock are high
sensitive parameters that affect the unlocking force,
and they have obvious influence on the unlocking
force. The diameter of the finger lock Φ1, Φ2, and
wear are low sensitive parameters that affect the
unlocking force, and the influence on the unlocking
force is weak.

Abbreviations

FL: Tensile force of retaining ring
Fj: Normal pressure of base
f j: Tangential static friction of base
f Z : Tangential dynamic friction of retaining ring
FZ : Normal surface pressure of retaining ring
P: Tensile force of finger lock
S: Contact area of finger lock and retaining ring
LAGx : Length of edge AG in X direction
LBDx: Length of point B to point D in X direction
LBDy: Length of point B to point D in Y direction
LBFx: Length of point B to point F in X direction
LBFy: Length of point B to point F in Y direction
LCEy : Length of point C to point E in Y direction
Φ: Outside diameter of finger lock
Φ1: Internal diameter of finger lock
Φ2: Diameter of fingertip
θ: Angle of fingertip
α: Angle of point A
β: Angle of point B
γ: Angle of point C
a: Edge BC
b: Edge AC
c: Edge AB
hA: Deflection at point A
h: Deflection at point C
N : Pressure at point A
NV : Pressure perpendicular to edge AC at point A
E: Young’s modulus
I: Moment of inertia
V : Wear volume
K : Wear coefficient
H: Hardness coefficient
l: Length of edge AC
c0: Shortest lengths of c
c1: Longest lengths of c
t: Thickness of the wear
SBC : Contact area of finger lock and base from point B to

point C
n: Cycle of wear
ty: Wear in Y direction
LBC : Length of point B to point C
LBCz : Length of point B to point C in Z direction.
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results can be obtained through the author.
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