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Abstract. The paper describes the results of assessing reliability of spacecraft cantilever 
structures (SCS) that serve as supports of radio reflectors. The specifics of SCS reliability is 
that they should be capable of serving 12-15 years in space without changing their 3D geometry. 
Results of reliability calculation of two types of lattice cantilever carbon polymer beams are 
presented. Further needed research is suggested.
Key words: spacecraft, cantilever structures, reliability, positioning accuracy

С. А. Тимашев1,2, Н. А. Лавров1
Научно-инженерный центр «Надежность и безопасность больших систем и машин», 
Уральское отделение Российской академии наук, Екатеринбург, Россия
2 Уральский федеральный университет, Екатеринбург, Россия 
E-mail: timashevs@gmail.com

НАДЕЖНОСТЬ ГЕОМЕТРИЧЕСКОГО ПОЗИЦИОНИРОВАНИЯ 
КОНСОЛЬНЫХ КОНСТРУКЦИЙ КОСМИЧЕСКИХ АППАРАТОВ

Аннотация. В статье описываются результаты оценки надежности консольных 
конструкций космических аппаратов (ККА), служащих опорами радиоотражателей. 
Специфика надежности ККА заключается в том, что они должны быть способны 
прослужить 12-15 лет в космосе без изменения своей 3D-геометрии. Представлены 
результаты расчета надежности двух типов решетчатых консольных углеродных 
полимерных балок. Предлагаются дальнейшие необходимые исследования.
Ключевые слова: космический аппарат, консольные конструкции, надежность, 
точность позиционирования.

Introduction
The modern concept of spacecraft design 

is based on creating objects with a body 
controlled in flight and flexible cantilever

structures attached to it, which are deployed 
or assembled on a given orbit.

Controlled telecommunication satellites 
are typical representatives of unique 
spacecraft with a rigid body, to which flexible
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cantilever structures (solar panels, radio­
technical antennas, and remote instrument 
rods) are attached, designed to operate in zero 
gravity [1].

The main purpose of cantilever structures 
(CS) is to provide a given positioning 
accuracy of working surfaces with photo­
converting or radio-reflecting equipment. 
These CS must also have a certain stiffness 
that excludes unwanted deformations in orbit 
that allows the spacecraft on-board systems to 
effectively perform their specified functions.

The task of designing the spacecraft 
cantilever elements is achieving specified 
accuracy and stiffness parameters values in 
the operating position and maintaining those 
permissible values by the end of the spacecraft 
active life (12-15 years) in orbit.

Achievement of the specified values of 
CS parameters is carried out during their 
design, mainly by choosing proper structural 
materials, structural connections, structural 
layout, structural power schemes and applying 
rational design principles [2].

To ensure reliability, it is required to 
predict structure behavior, taking into account 
the degradation of its initial parameters during 
all phases of its life cycle (LC): during its 
launch to the orbit as a part of a launch vehicle 
and deployment in orbit; when moving the 
spacecraft from the reference orbit to the work 
orbit; during the period of its active operation.

The operational reliability of large-sized 
structures of modern long-term operation 
spacecraft according to accuracy and rigidity 
criteria by the end of their active life should 
be at least 0.999.

The method for calculating the 
deployment reliability and failure-free 
operation of the spacecraft CS was first 
developed in 1978 [3-4] and has not lost its 
relevance so far. Since the mid-seventies, 
considerable experience has been 
accumulated in ensuring the reliability of 
opening consoles, which is reflected in 
foreign standards MIL-A-83577, DOD-A- 
83577A, MIL-A-83577B, ОСТ 92-4339-80, 
NASA-STD-5017, AIAA S-114-2005, 
NASA-STD-5017A, ECSS-E-30 Part 3A and 
ECSS-E-ST-33-01C. The methodology for

assessing reliability of the deployment of 
individual spacecraft consoles is given in [5]
Life cycle of a cantilever structure

The standard life cycle of a spacecraft CS 
consists of the following phases:
-  fabrication of the structure at the 

manufacturing plant;
-  carrying out control and acceptance tests 

of the structure;
-  installation and fastening of the rod in 

folded state onto the spacecraft;
-  storage and ground transportation of the 

spacecraft in folded position;
-  installation of the spacecraft on the rigid 

body of the launch vehicle;
-  spacecraft flight as part of a launch 

vehicle into a near-earth orbit;
-  decoupling, turning and fixing of the 

spacecraft rod in the operating position;
-  operating the rod as a console under the 

influence of following outer space factors: 
(1) vacuum, (2) weightlessness, (3) daily 
temperature cycles, (4) high radiation and 
(5) propulsion systems operation loads 
when launching into the design orbit, and 
correcting the orientation and 3D position 
of the spacecraft.
In accordance with the standard life cycle 

of the spacecraft CS, the inevitable random 
structural factors that exist during the creation 
of the console and affect the structure 
operation are: (1) the spread of physical and 
mechanical characteristics of materials and 
geometric imperfections of the rod (deviations 
from the design dimensions during 
manufacture); (2) errors in adjusting and 
weight-balancing of the rod; (3) climatic 
conditions; (4) loading the structure in the 
folded position in the launch area.

The factors that randomly change during 
the active life of the structure are: (5) cyclic 
heat loads and other environmental 
influences; (6) backlash in connections; (7) 
material properties (due to degradation).

The vector sum of all instability factors of 
the spacecraft CS should not exceed a given 
value A at any moment of its active existence 
in orbit (12-15 years).
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Structure description
Within this article, a cantilever design of 

an antenna system with a reflector is 
considered, which ensures its detachment 
from the spacecraft.

This problem is solved with the help of a 
rod, which in the folded state has dimensions 
that allow it to be placed on the spacecraft 
under the rocket fairing. In unfolded position, 
the rod should provide the required distance 
from the spacecraft to the reflector fixed at its 
end (Fig. 1).

The rod consists of a transformable frame, 
which is a strut structure that in deployed 
position consists of a set of identical sections. 
Each section has the shape of a parallelepiped 
with diagonal bars on its sides. The rod 
contains (1) a drive for deployment of the 
transformable frame, (2) end and root 
mechanisms that provide the required angular 
position of the reflector relative to the 
spacecraft.

The longitudinal bars of each section can 
be folded. A spring mechanism with stops is 
mounted inside the struts that works in 
conjunction with the strut deployment drive 
and ensures stability of the struts in the 
deployed position (Fig. 2).

Diagonal bars provide the required 
tensional rigidity of the rod in the unfolded 
position. They have a telescopic design and 
are fixed in the deployed position with spring- 
loaded conical latches (Fig. 3).

The transformation of the struts of one 
cell in the process of unfolding the rod is 
shown in Fig. 4.
Research problem statement

Consider the influence of thermal 
deformations of the spacecraft rod in the 
operating position on the change in its 
geometric shape, caused by the influence of 
the near-earth orbit environment.

In order to do this, calculate the linear 
displacements of the antenna attachment 
points to the rod at the maximum temperature 
change for two types of rods -  with a square 
cross-section (the cell is a parallelepiped with 
a square base and diagonals on the outer sides, 
Fig. 5) and with a triangular cross-section (the

cell is a prism with a triangular base and 
diagonals on the outer sides, Fig. 6).
Initial data for the research problem

The problem is solved for the following 
initial data:
-  standard temperature cycle for spacecraft 

in near-earth orbit: from -160°С to 
+135°С;

-  initial temperature of the rod: + 20°C (it is 
assumed that at this temperature the rod 
has no deformations);

-  the rod length: 20, 50 and 100 m, with a 
mesh length of 1 m; the height and width 
of the square cells is 670 mm, the height 
and length of the triangular base is 670 
mm;

-  rod material - carbon fiber (a composite 
polymer material);

-  the material modulus of elasticity adopted 
for calculations is 200 GPa;

-  the temperature coefficient of its linear 
expansion is insufficiently studied and is, 
according to [7-10], in the range [2 10-6 
°C-1 ... -2 10-6 °C-1] taking into account 
the relaxation of the material. For 
calculation, the worst case is accepted as 
210-6 °C-1;

-  all struts of the rod are of tubular section, 
with nominal pipe bore 20 mm, and wall 
thickness 1 mm.

Calculation description
The calculation of the displacements of 

the antenna mount section was performed for 
two load cases:
-  for minimum temperature -160°C (total 

temperature change relative to "zero" 
deformation temperature
AT = 20 -  (-160) = 180°C);
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Fig. 1. An example of a rod in folded and unfolded states

Fig. 2. Variant of the longitudinal bar 
opening unit [6]

Fig. 3. A variant of the mechanism for 
fixing the opening of the telescopic rod [6]

Fig. 4. Variant of the rod cell deployment process [6]

Fig. 5. Rod with square cross-section
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Fig. 6. Rod with triangular cross-section

-  for maximum temperature +135°C (total 
temperature change relative to "zero" 
deformation temperature AT = 135 -  20 = 
= 115°C

Design schemes
Fig. 7 shows the design schemes for the 

rods in the ЛИРА-САПР 2016 program. The 
displacements of the root section A points are 
equal to zero. The displacements of the points 
of section B where the antenna is attached to 
the rod must be found for both cases of 
thermal expansion. All bars are simply hinged 
to each other.

A load in the form of thermal expansion 
is applied to all struts of the rod according to 
the loadings and characteristics of the rod 
material discussed above. The stiffness of the 
struts is determined according to the

characteristics of the sections and the material 
of the struts.
Maximum permissible values of rod 
deformations

The maximum permissible deviations of 
the rod geometry are:
-  angular rotation relative to the axes of the 

coordinate system -  no more than ± 0.2°;
-  linear displacement relative to the 

longitudinal X-axis, no more than 
± 10.0 mm.

Calculation results for uniform 
temperature deformations

Table 1 shows the results of calculations 
of temperature deformations for different rod 
types.
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Calculation results and comparison 
with maximal permissible 
displacements

According to Table 1 the linear 
displacement size along the X- axis of the rod 
due to its uniform temperature deformations 
does not depend (as expected) on the shape of 
the structure.

With given length of the rod. the maximal 
permissible displacement along its X-axis is

reached with following temperature changes: 
length 20 m:

AT +10-10-3 
20 • 2 -10-6

+250 K ;

-  length 50 m:

AT +10-10-3 
50 • 2 A0-6

+100 K ;

-  length 100 m:

AT + 10 x 10-3 
100 x  2 x 10-6

+50K.

Calculation results
Table 1

Rod type Points

Displacement, mm Rotation 
around X- 

axis,
10-4 radian

X-axis Y-axis Z-axis

T
max

T
min T max T min T max T min T

max
T

min
Square 
cross­

section. 
length 20 m

B1 4.6 -7.2 -0.1541 0.2412 0.1541 -0.2412

2.3 3.6B2 4.6 -7.2 0 0 0 0
B3 4.6 -7.2 0.1541 -0.2412 -0.1541 0.2412
B4 4.6 -7.2 0 0 0 0

Square 
cross­

section. 
length 50 m

B1 11.5 -18 -0.1541 0.2412 0.1541 -0.2412

2.3 3.6
В2 11.5 -18 -1.31

E-08
2.05
E-08 0 1.46

E-08
В3 11.5 -18 0.1541 -0.2412 -0.1541 0.2412

В4 11.5 -18 1.82
E-08

-2.84
E-08

2.19
E-08

-3.43
E-08

Square 
cross­

section. 
length 100

m

В1 23 -36 -0.1541 0.2412 0.1541 -0.2412

2.3 3.6
В2 23 -36 -1.01

E-07
1.58
E-07

-3.04
E-07

4.75
E-07

В3 23 -36 0.1541 -0.2412 -0.1541 0.2412

В4 23 -36 -1.59
E-07

2.49
E-08

-3.62
E-07

5.67
E-07

Triangular 
cross­

section. 
length 20 m

В1 4.6 -7.2 0 0 0 0
1.2 1.8В2 4.6 -7.2 0 0 0.1926 -0.3015

В3 4.6 -7.2 0.1541 -0.2412 0.07705 -0.1206
Triangular 

cross­
section. 

length 50 m

В1 11.5 -18 0 0 0 0
1.2 1.8В2 11.5 -18 0 0 0.19263 -0.3015

В3 11.5 -18 0.1541 -0.2412 0.07705 -0.1206
Triangular 

cross­
section. 

length 100
m

В1 23 -36 2.07
E-07

-3.26
E-07

-3.46
E-07

5.41
E-07

1.2 1.8В2 23 -36 2.04
E-07

-3.22
E-07 0.19263 -0.3015

В3 23 -36 0.1541 -0.2412 0.07705 -0.1206
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Fig. 8. Design schemes of two types of rods

At a given temperature change 
AT = 180 K maximal permissible rod length

10-10-3 
180 • 2 -10-6

27.77 m.

Thus. only the 20 m long rod. with both 
triangular and square cross-section. complies 
with the specified maximal permissible 
longitudinal displacement.

Calculations show that displacements 
perpendicular to the longitudinal axis depend 
only on the dimensions of the cross-section of 
the rod. and that there is an accumulation of 
negligible tangential displacements along the 
cross-section of the rod. especially in places 
that are not braced.

The resulting rotations of the antenna 
plane that is attached to the rod. due to its 
uniform temperature deformation
-  for square cross-section do not exceed

0.00036°.
-  for triangular cross-section do not exceed

0.00018°.
Based on the above calculations. for 

uniform thermal deformation. the rotation 
angle of the antenna plane that is attached to 
the rod is always equal to the rotation of the 
end section of the last cell of the rod. and does 
not depend on the rod length.

The main indicator that affects the amount 
of rotation of the plane is the stiffness of an 
individual rod cell. The stiffness of a 
triangular cell is obviously higher than 
stiffness of a square cell. as shown by 
calculations.

Analysis of the influence on geometric 
reliability of the initial imperfection of 
rod struts

Consider the influence of the initial 
imperfection in the length of one rod strut on 
the position of the attachment points of the 
antenna to the rod.

Assume for example. the initial 
imperfection of the belt strut of the second 
from the attachment point rod cell. There are 
two types of struts in this cell - incoming and 
not arriving at the brace attachment point. It is 
expected that the influence of these two types 
of struts on the shape of the structure will be 
different; hence. we consider both cases 
(Fig. 8).

Define the initial change in rod length as 
a change in the temperature of a particular 
strut.

Tables 2 and 3 show the results of 
calculations of the influence of the initial 
imperfection of the rod struts on the geometry 
of the entire spacecraft rod.

Results presented in Tables 2 and 3 shows 
that displacements of size 1-2 mm due to the 
imperfection of a single strut lead to the same 
order of displacements as the maximum 
temperature displacements of the entire 
structure. Hence. the accuracy of 
manufacturing individual struts and assembly 
of nodes is extremely important. The 
manufacturing culture of telecommunication 
sputniks has to be in strict accordance with the 
required accuracy of their initial shape.
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Calculation results for rod elongation
Table 2

Rod
type

Strut
type

Strut
length

deviation,
mm

Points
Point displacement. mm Rotation 

around X-
axis,

10-4 radian
X-axis Y-axis Z-axis

Square 
cross­

section. 
length 
20 m

1

+1

В1 0 0 26.8657

0.04
В2 0 0 0
В3 0 26.8657 0
В4 1 26.8657 26.8657

+2

В1 0 0 53.7313

0.08
В2 0 0 0
В3 0 53.7313 0
В4 2 53.7313 53.7313

+5

В1 0 0 134.328

0.2
В2 0 0 0
В3 0 134.328 0
В4 5 134.328 134.328

2

+1

В1 1 28.3582 -28.3582

0.042
В2 0 28.3582 0
В3 0 0 0
В4 0 0 -28.3582

+2

В1 2 56.7164 -56.7164

0.085
В2 0 56.7164 0
В3 0 0 0
В4 0 0 -56.7164

+5

В1 5 141.791 -141.791

0.211
В2 0 141.791 0
В3 0 0 0
В4 0 0 -141.791

Triangul 
ar cross­
section. 
length 
20 m

1

+1
В1 0 0 -28.3582

0.042В2 1 0 -28.3582
В3 0 0 -28.3582

+2
В1 0 0 -56.7164

0.085В2 2 0 -56.7164
В3 0 0 -56.7164

+5
В1 0 0 -141.791

0.212В2 5 0 -141.791
В3 0 0 -141.791

2

+1
В1 1 26.8657 13.4328

0.02В2 0 26.8657 13.4328
В3 0 26.8657 13.4328

+2
В1 2 53.7313 26.8657

0.04В2 0 53.7313 26.8657
В3 0 53.7313 26.8657
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Rod
type

Strut
type

Strut
length

deviation,
mm

Points
Point displacement. mm Rotation 

around X-
axis,

10-4 radian
X-axis Y-axis Z-axis

В1 5 134.328 67.1642
+5 В2 0 134.328 67.1642 0.1

В3 0 134.328 67.1642

Calculation results for rod shortening
Table 3

Rod type Strut
type

Strut length 
deviation, 

mm
Points

Point displacement. mm Turn
around
X-axis,

10-4radian
X-axis Y-axis Z-axis

Square 
cross­

section. 
length 20 m

1

-1

В1 0 0 -26.8657

0.04
В2 0 0 0
В3 0 -26.8657 0
В4 -1 -26.8657 -26.8657

-2

В1 0 0 -53.7313

0.08
В2 0 0 0
В3 0 -53.7313 0
В4 -2 -53.7313 -53.7313

-5

В1 0 0 -134.328

0.2В2 0 0 0
В3 0 -134.328 0
В4 -5 -134.328 -134.328

2

-1

В1 -1 -28.3582 28.3582

0.042
В2 0 -28.3582 0
В3 0 0 0
В4 0 0 28.3582

-2

В1 -2 -56.7164 56.7164

0.085
В2 0 -56.7164 0
В3 0 0 0
В4 0 0 56.7164

-5

В1 -5 -141.791 141.791

0.211
В2 0 -141.791 0
В3 0 0 0
В4 0 0 141.791

Triangular 
cross-section. 
length 20 m

1
-1

В1 0 0 28.3582
0.042В2 -1 0 28.3582

В3 0 0 28.3582

-2
В1 0 0 56.7164

0.085
В2 -2 0 56.7164
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Strut length 
deviation, 

mm

Point displacement. mm Turn

Rod type Strut
type

Points
X-axis Y-axis Z-axis

around 
X-axis, 

104 radian
В3 0 0 56.7164
В1 0 0 141.791

-5 В2 -5 0 141.791 0.211
В3 0 0 141.791
В1 -1 -26.8657 -13.4328

-1 В2 0 -26.8657 -13.4328 0.02
В3 0 -26.8657 -13.4328
В1 -2 -53.7313 -26.8657

2 -2 В2 0 -53.7313 -26.8657 0.04
В3 0 -53.7313 -26.8657
В1 -5 -134.328 -67.1642

-5 В2 0 -134.328 -67.1642 0.1
В3 0 -134.328 -67.1642

Analysis of rod reliability
Determine the reliability of 

manufacturing a 27-meter-long rod (taken to 
even count the number of cells of 1 m). 
assuming that the geometrical error during the 
manufacture of individual sections is 
determined by the normal distribution 
function with a given standard deviation (SD).

The geometric limitation of the rod length 
as stated above is ± 10.0 mm. Exceeding this 
two-side limit amounts to rod failure as 
related to antenna performance.

The initial distortion/deformation of the 
rod cells is considered to be independent from 
each other; hence. the covariance of the values 
of the deformation of the rod cells is equal to 
zero. If the SD of the geometrical error along 
the X-axis of an individual rod cell is 1 mm or 
2 mm. then the standard deviation of the entire 
rod length is the sum of the variances of 27 
equally distributed random variables RVs

VdM VZD [ X n ] =
л/27-12 = 5.196 mm;

a2 =V 27 • 22 = 10.39 mm.

Reliability. in this case. is the probability 
that the normally distributed RV of the rod 
length. depending on the deviation of the cell 
size. will take values in the interval that 
satisfies the design limitation on the rod 
length.

The probabilities for the rod deviation SD 
equal to 5.196 and 10.39 mm. are. 
respectively:

P (26.99 < x < 27.01) = Fo 27.01 -  27 
0.005196

26.99 -  27 
0.005196

0.9457;

P (26.99 < x < 27.01) = Fo 27.01 -  27 
0.01039

26.99 -  27 
0.01039

0.664.

Determine the reliability of the rod for 
smaller SDs and build a graph of the 
dependence of rod reliability on the SD of an 
individual cell length.

Table 4 shows the dependence of the 
reliability of the rod on the SD of an individual 
cell and the CD of the entire rod. The graph in 
Fig. 9 visualizes the resulting dependence.
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Fig. 9. Dependence of rod reliability on the SD of an individual cell length error

Table 4
Dependence of the rod reliability 

on the SD

Cell SD, Rod SD, Rod reliabilitymm mm
2 10.392 0.664090362
1.8 9.353 0.715009478
1.6 8.314 0.770942588
1.4 7.275 0.830735344
1.2 6.235 0.891252712
1.1 5.716 0.919791081
1 5.196 0.945715241

0.9 4.677 0.967493216
0.8 4.157 0.983853226
0.7 3.637 0.994031717
0.6 3.118 0.998659588
0.5 2.598 0.999881455
0.4 2.078 0.999998508
0.3 1.559 1

According to Table 4, reliability 
calculations outside the SD interval of an 
individual cell from 0.3 mm to 2.0 mm are 
meaningless. since at values of about 0.3 mm. 
the reliability is practically equal to unity. and 
beyond 2 mm it becomes too low for practical 
use.

It can also be seen from Table 4 and 
Fig. 9. that the required probability of no­
failure operation. equal to 0.999. for a 27 m 
long rod is achieved with a SD deviation of an 
individual cell length equals 0.5 mm.

Approximation the obtained numerical 
dependence of the reliability on the SD of the 
cell length by a quadratic function takes the 
form:

R (a ) = -0.195a2 + 0.182a + 0.96. (*)

This function is applicable only in the 
interval (0.47 ... 1.6) mm. Based on the 
obtained dependence (*). the necessary
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probability of no-failure operation. equal to
0.999. for a 27m long rod is achieved with the 
SD of an individual cell length equal to
0.6 mm.
Conclusion

The paper. to authors’ knowledge. is the 
first attempt to formulate an approach to 
assessing the geometry-related reliability of a 
spacecraft structure subjected to temperature 
cycles loads specific to the stationary orbit of 
a telecommunication sputnik.

Calculations were performed of the linear 
displacements of the sputnik antenna-refractor 
attachment points for two types of rods due to 
cyclic change in the near-cosmos ambient 
temperature regime.

The displacements during loading along 
the Y and Z axes of some points of the antenna 
attachment plane differ. which indicates a 
rotation of the attachment plane. This rotation 
strongly depends on the arrangement of the 
braces and on the changes of the antenna 
design as related to the rod proper or its end 
cell that accommodates the reflector. and 
these changes could be significant.

The influence of imperfection of an 
individual structural element on the antenna 
initial geometry evolution was studied. and an 
analysis of the geometry-related reliability of 
the antenna was carried out as a function of 
the SD of manufacturing geometrical 
imperfection of an individual rod cell.

The conducted study shows that it is 
necessary to (1) correctly describe the 
manufacturing and assembly imperfections of 
the unique cantilever structure [11] and (2) 
perform a set of finite element based 
calculations that would consistently describe 
the evolution of the initial geometry of the 
antenna as it is exposed to a sequence of 
multiple temperature cycles (around 5500) 
during its operation (12-15 years);

At the same time, it is necessary to take 
into account all the significant properties of 
the antenna carbon composite material. such 
as low cycle fatigue. relaxation. aging. the 
influence of the environment. etc.

This data will permit assessing the partial 
geometry-related reliabilities of antenna 
structure operation. as well as the full

reliability of the antenna according to the 
design limits of antenna geometry distortions.
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