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This paper designed a kind of satellite deployment mechanism with a boxed structure and passive
torsion joints. This deployment mechanism has significant strengths, including a high base frequency and stiff-
ness, a high ratio of deployed and folded space occupation ratios, and self-actuated joints without needing any
external power to drive. In order to analyze the dynamic characteristics of this mechanism, a simplified govern-
ing equation is proposed and dynamic behavior is studied systematically, including impact response, harmonic
response, and modal analysis. Through systematic research, several conclusions are drawn. Firstly, when the
deployment mechanism reached the ending stage of unfolding driven by passive torsional joints, the load base
installed on top of the deployment mechanism generated a first-order sharp reaction force and multiple low-order
shocks followed, and the system entered a stable state after a certain time of vibration. Secondly, the system can
generate a high vibration magnitude at low-frequency excitation when the mechanism is in a fully deployed state
and at high-frequency excitation when the mechanism is in a folded state. Thirdly, the first sixth-order natural
frequency and vibration shape with different wall thicknesses are obtained by modal analysis. The result shows
that only with a 2.5 mm wall thickness can the connecting rod satisfy the design requirement. Through dynamic
behavior research, the structure characteristics are obtained which can be used for structure optimization and to
provide an effective solution for the design of a box-structured satellite-unfolding mechanism with self-actuated

torsion joints.

A space-folding mechanism is a new type of foldable and de-
ployable space equipment, which adapts to the development
of spacecraft in the direction of a large scale (Meguro et al.,
2006; Angeletfi et al., 2019). The research and development
of space-folding mechanisms can solve the space constraints
in spacecraft navigation and carry as many tools and equip-
ment as possible with the limited space and weight. At the
same time, this can realize the compact layout of spacecraft
components, improve the load capacity and use of space, and
reduce production and transportation costs significantly.
NASA began studying the application of space-folding
mechanisms as early as the 1960s. In the space exploration
project of the United States, the space-folding mechanism is

widely used in the development and construction of satellites,
space stations, and probes (Ma et al., 2018; Liu et al., 2018;
Hu et al., 2022). With the requirement of satellite miniatur-
ization, Choi proposed a high-precision extension arm de-
sign scheme (Arita et al., 2018; Choi et al., 2019), which is
mainly used for space optical telescopes. The extension arm
was based on a quadrangular column and was equipped with
an upper panel and a lower panel, a connecting rod, and a
supporting module. In order to further improve the folding
and unfolding accuracy of the mechanism, a special assem-
bly mold was developed, and based on the precision detection
platform built by five contactless laser displacement sensors,
the unfolding accuracy of the mechanism was experimentally
studied and the micro-unfolding accuracy was achieved. In



the 1990s, ATK Company developed a kind of UltraFlex so-
lar wing (Spence et al., 2006; Eacre and White, 2010), which
mainly consists of a flexible triangle film, a center hub, a
compression band, and an expansion mechanism. The expan-
sion principle is similar to that of a folding fan, the torsion
spring located at the center is used to expand, and the shape
is circular after expansion.

The European Union and the European Space Agency
have also conducted a lot of research on space-folding mech-
anisms, mainly applied to the expansion and contraction of
solar panels as well as the construction of satellites and
space vehicles. The European Space Agency and a number
of research institutions such as Georgia Technical Univer-
sity (Datashvili, 2013; Medzmarlashvili et al., 2013) jointly
developed a conical-ring deployable antenna with a diam-
eter of up to 6 m after development. The antenna is com-
posed of a number of trapezoidal components, including
upper and lower V-shaped folding rods, vertical rods, syn-
chronous hinges, driving springs, and cable components. An
extended arm of a triangular prism with the triangular prism
as the unfolding unit was proposed (Sahn et al., 2018), which
was composed of a rigid triangular frame, an upper and lower
folding arm, a diagonal cable, and other structures. The de-
vice is located in the middle of the upper and lower fold-
ing arm and uses the transmission mode combined with the
motor and the screw to tighten the diagonal cable when de-
ployed, thereby increasing the rigidity of the device.

A triangular prism extension arm with a super-elastic
hinge was proposed (Yang et al., 2016, 2018). The exten-
sion arm was also a modular unit with a triangular prism,
and its main components include a longitudinal rod, a rope,
a triangular frame, casing, and a super-elastic hinge. An ex-
pandable triangular prism type extension arm composed of
a longitudinal rod, a beam, a tension cable, and a hinge was
proposed (Gao et al., 2020). The extension arm is driven by
a spring taking into account the load. The whole is made of
lightweight materials, the longitudinal rod is made of car-
bon fiber, and the other parts are made of aluminum alloy.
After the extension arm is unfurled and fixed, the longitu-
dinal rod supports the extension arm, and at the same time,
the tension cable is tightened to increase the strength of the
extension arm. China’s Shijian-20 satellite is equipped with
the solar wing with the largest area and longest wingspan
at present, which is composed of six solar panels, i.e., four
transverse solar panels and two longitudinal solar panels
(Cui and Tang, 2020). Based on the traditional folding fan
principle, a deep study of the fan solar wing was made
(Jian and Ce, 2020), and the synchronous mechanism, self-
locking hinge, and driving mechanism were designed and
used the multi-body dynamics software to simulate and ana-
lyze the kinematics and dynamics of the mechanism. Based
on the scissor’s mechanism, the configuration method of
the rib-element folding mechanism was proposed (He et al.,
2021), and the rib-element folding mechanism and expan-
sion method of the multi-modular folding mechanism were

proposed based on the envelope cone method, which veri-
fied that the method was designed. A series of analyses and
experiments was conducted in the face of the demand to re-
place the ultra-thin aluminum honeycomb materials used in
manufacturing solar panels (Guan et al., 2023). A surface de-
fect detection method for flexible solar wing piano hinges
was proposed based on deep learning (Wang et al., 2023).
In this method, cameras are used to record the hinges, and a
big-data analysis method is utilized to analyze the recorded
data, which not only reduces the performance requirements
of computers, but also improves the detection accuracy and
efficiency.

In this paper, a box-structured satellite-unfolding mecha-
nism based on a precision positioning self-actuated torsion
joint is designed, and the dynamic simulation of the folding
mechanism is carried out in three aspects based on multi-
body dynamics, including shock response, modal analysis,
and vibration analysis. Through multi-angle dynamic analy-
sis, the structural dynamic response is obtained, and based
on the response, the structure is optimized, which provides a
reliable solution for the analysis and optimal design of this
kind of structure.

Figure 1 shows the unfolding process of the mechanism,
Fig. 1a shows the fully folded state, Fig. 1b shows the half-
deployed state, and Fig. 3c shows the fully deployed state. In
addition, it can be seen that the unfolding mechanism mainly
includes a load base, a connecting rod, and a torsion joint,
and the four joints located on the bottom of the unfolding
mechanism are installed on the satellite body. The load base
is used to install the deep space exploration lens and to drive
with the connecting rods and self-actuated joints. In addition,
it should be noted that the connecting rod is made of carbon
fiber considering its characteristics of high strength and low
weight.

Figure 2 shows the detailed unfolding process and struc-
ture of the self-actuated joint, which has an energy storage
unit to unfold the mechanism. As seen in Fig. 2a, each joint is
bonded with two connecting rods in parallel. Under the driver
of the joint, which has a custom-designed torque spring in-
side, the angle between the rods is increased from 0 to 180°
gradually. After strict testing, the driven torque of the joint
behaved near-linearly and from 0.9 to 0.3 Nm when the rod
angle increased from O to 180°.

In order to analyze the dynamic behavior and character-
istics, the dynamic equation is proposed. For the spatial
multi-degree-of-freedom mechanism, the Lagrange equation
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(b)
Figure 1. Unfolding process of the deployable mechanism. (a) Fully folded; (b) half-deployed; (c) fully deployed.
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Figure 2. Unfolding process of joints.
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Simplified model of the deployable mechanism.

is used to establish the dynamic equation as follows:
e — = )

where T is kinetic energy, g; is generalized coordinates, g ;
is generalized velocity, and Q ; is generalized force.

The box-structured space-folding mechanism consists of
the same four modules as seen in Fig. 1, and a single-side
module is adopted for analysis. The mechanism is simplified
into four rigid rods connected in sequence from end to end. In
order to facilitate the construction of the dynamic equation,
the intermediate layer and the load plate are simplified as
mass points, and the simplified model is shown in Fig. 3.

@; represents the angle between the ith rod and the y axis.
T; represents the torque acted on the ith rod, as shown in
Fig. 3. Similarly, it can be seen that g1 = ¢1, g2 = @2, q3 =
@3, and g4 = @4.

During the process of deployment, the four rods are all in
plane motion, and the motion state of each rod at any time
can be represented by four generalized coordinates, so the
position of the centroid of the first rod at any time can be
described as

[ (singy) — T3]
; ‘ o 2

(e (07 eosgy) 1y
where 7 is the horizontal coordinate of the ith rod, ;y is the
vertical coordinate of the ith rod, and [ is the length of the
rod:i =1,2,3,4;j=1,2,3,4.

Using vector r; as the displacement of the center of the ith
rod,

. or; n or; . n or; . n or; .
VvV, =V == —— _— _— —
i i aqlql 8(]2612 3q:>, q3 8q4614

= ui1q1 +ui2ga +ui3gs + uiaqa, 3
where v; represents the velocity of the center of the ith rod;

and u;1, u;2, ui3, and u;4 represent the line velocity of the ith
rod under the generalized coordinates of ¢, g2, g3, and g4.

Using ¢; as the angle displacement of the i’ rod,

. dp; . d¢; . 0@ . 0@ .
W =¢i=—qi+ @+ 3+ da
0q1 992 g3 044

= ij141 +ii2g2 + ii3q3 + iiaga. )

The linear velocity of each bar can be calculated by the
motion equation of the centroid of each rod. In order to facil-
itate the calculation, we can decompose it into scalars in the
x direction and y direction. The linear velocity of the cen-
troid of the ith rod relative to the jth generalized coordinate
in the x- and y-axis directions can be described as follows.

0 i<j
Ujjx = %lcosgoj i=j
lcosp; i>j
0 i<j
—Isingp; i=1,3andi > j
Uijy = ot - (5)
sing; i=24andi > j
%lsimpj i=j

The angular velocity u;; of the ith rod with respect to the
Jjth generalized coordinate is

, 1 i=], ©
Ijj=
7o i £

The kinetic energy Ty; of the ith rod during the unfolding
process can be written as

T = Smiv? + L Jsa?, (7
T s

where v; is the line angle of the mass center of the rod, and
Js 1s the moment of inertia.

The total kinetic energy T; of the unfolding system can be
written as

4
T, = ZTni = 114} + J0d3 + J33d3 + Jaad}

i=1
+ J12q1G2 + J13G193 + J14G144
+ J23G243 + J24G24a + J34G344, (8

where jj; is the coefficient of the inertia and is written as
4 2 2 2 P
Jij = :ijl (5 iy 2575 L=

4 . .,
D i (muk,-xuij + mugiyugjy + J,’likljk) i#j.

9
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Dynamic unfolding process. (a) Folded state; (b) half-deployed; (c¢) fully deployed.

sdi
JOINT_2: JOINT/2

5000.0
| JOINT_2 FY |
0.0 | L e L TS N NI ST N S I PSR L S
- |
j=}
&
O
=
8
g
-5000.0
-10000.0 T
0.0 05 1.0 1.5
Analysis: 1 Time (s)

Time vs. impact force diagram.

2023-05-06 23:50:08



68 D. Sheng et al.:

Frequency Response - Magnitude
—VibrationAnalysis_5: Input_Channe!_2 Quiput_Channel_3 Response I

Magnitude
=
=

Dynamic analysis of a satellite deployment mechanism with self-actuated torsion joints

Frequency Response - Phase

200

— VibrationAnalysis_5: Input_Channel_2 Output_Channel_3 Response

1500

1000

&

Phase (Degrees)

00 v

500
01 10 100 1000 1000

 VibrationAnalysis_5_analysis Frequency (Hz) 0230510

(b)

Figure 6. Frequency response diagram (1 mm wall thickness connecting rod). (a) Frequency vs. magnitude diagram. (b) Frequency vs. phase
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Figure 7. Frequency response diagram (2 mm wall thickness connecting rod). (a) Frequency vs. magnitude diagram. (b) Frequency vs. phase

diagram.

By substituting 7, into Eq. (1), the system of governing
equations can be obtained as follows.

+J14Ga + 33{1122611

+83233 CI32 + 33{;:‘14 =01
+Doadia + 5247

{ +68{1233 2 + 38{1244‘14% =0
B3y + Joga + 33ds +J3ads + 33{1311 4
+5242 + %{;Mi = 03
+Jaaija + i g

8511 ql
0J4p - 2 0J43 -
+5= 3 4 5+

395 613 =04

Jigr + Ji2g2 + J13G3

D211+ J22q2 + J23¢3
(10)

Jarg1 + Jago + Ji3G3

Without considering gravity and friction, there are only
four driving torques and systems, and the generalized force

Mech. Sci., 15, 63-76, 2024

can be expressed as

4

0= (=1 1j).

j=i

an
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Figure 8. Frequency response diagram (3.5 mm wall thickness connecting rod). (a) Frequency vs. magnitude diagram. (b) Frequency vs.

phase diagram.
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Figure 9. Frequency response diagram (1 mm wall thickness connecting rod). (a) Frequency vs. magnitude diagram. (¢) Frequency vs. phase

diagram.

By substituting Egs. (9) and (11) into Eq. (10), the govern-
ing equation can be simplified further and written as follows.

(41 +e) 1 +acos(qr +q1)i2 +beos(gr — g3)d
+ccos(qr +ga)ia — asin(gr +¢1)¢3 + bsin(g) — g3)d3
—csin(qr +qa)qi =TI —Tr+ T3 — Ty

acos(qi + q2)ij1 + (3mi* + €) G2 + beos(qa + 3)ij3
+ccos(qa — g4)ia — asin(gr +q2)¢} — bsin(gz +g3)g3
+esin(gy —qa)gi =T — T3+ Ty
(12)
beos(q1 — q3)i1 + becos(qa + g3)iga + (2mi* + ) 3
+ccos(q3 +q4)is + bsin(gr — g3)§? — bsin(gz + g3)43
—csin(g3 +q4)q; =T — Ty

ccos(q1 +q4)g1 + ccos(qa — ga)ga + ccos(gs +qa)g3
+ (ml* + ) s — csin(q1 + g4)§? + csin(g2 — q4)g3
—esin(gs +44)g; = Ty
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7,02 3 5,92 3. 12 N )
a=sml°,b=35ml°, c=35ml", and d = sml~.

3 Dynamic behavior analysis

3.1 Impact dynamic analysis

Considering that the deployment mechanism is driven by a
self-actuated torsion joint, the initial driven torsion is 0.9 Nm
and the final driven torsion is 0.3 Nm, respectively. When the
deployment mechanism starts to deploy, the velocity of the
load base increases gradually. The mechanism will lock in an
instant while fully deployed, and the kinetic energy absorbed
by the mechanism will have an impact on the satellite body,
which may damage the satellite body. So, it is necessary to
analyze the influence and find the solution if an unacceptable

Mech. Sci., 15, 63-76, 2024
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Figure 11. Frequency response diagram (3.5 mm wall thickness connecting rod). (a) Frequency vs. magnitude diagram. (b) Frequency vs.

phase diagram.

result is generated. Figure 4 shows the process from a folded
state to a fully deployed state.

Figure 5 shows the time vs. impact force diagram, and it
can be seen that, after 0.65 s stable deployment with zero im-
pact force, the load base reached the limiting position, and a
sharp peak reaction force was generated and almost reached
9800 N. After that, the load base started negative displace-
ment, and the reaction force returned to zero and generated a
small peak force again about 0.15 s later. The system reached
a stable state.

The critical point of this impact analysis is to check
whether the mechanism can bear the first-order impact reac-
tion force. The damper would be added when the first-order
impact force could generate damages.

Mech. Sci., 15, 63-76, 2024

3.2 Harmonic response analysis

The satellite works in space, and unpredictable excitation
happens normally. However, the excitation frequency is ran-
dom, and thus harmonic response analysis in a wide fre-
quency range is a necessary option. In this section, the re-
sponses of the load base and connecting rod at wide-range
harmonic excitation are shown.

3.2.1  Harmonic response of the load base under the

folded condition

To get the optimal design parameter of the connecting rod,
the thickness of the rod is chosen as a variable. Figure 6
shows the frequency response diagram at the center of the

https://doi.org/10.5194/ms-15-63-2024
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Figure 12. Frequency response of the first layer of the connecting rod. (a) Frequency vs. magnitude diagram. (b) Frequency vs. phase

diagram.
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Figure 13. Frequency response of the second layer of the connecting rod. (a) Frequency vs. magnitude diagram. (b) Frequency vs. phase

diagram.

load base, with 1 mm wall thickness connecting the rod un-
der the folded condition.

Figure 6a shows the frequency vs. magnitude diagram, and
Fig. 6b shows the frequency vs. phase diagram. It can be seen
that, in Fig. 6a, the system suffers two significant increases in
vibration amplitude at frequencies of 16 and 34 Hz, respec-
tively, and the phase angle also increased a lot at these two
points, as seen in Fig. 6b. At the same time, only a positive
phase angle was generated.

Figure 7 shows the frequency response diagram of the cen-
ter of the load base, with a 2 mm wall thickness connect-
ing the rod under the folded condition. It can be seen that
the first-order resonant frequency is about 35 Hz and that the
second-order resonant frequency is about 65 Hz. By compar-
ing Figs. 7a and 6a, the resonant frequency is almost doubled
when the wall thickness increased to 2 mm. The magnitude is

https://doi.org/10.5194/ms-15-63-2024

decreased from 60 to 40 mm, and both positive and negative
phase angles are generated under this condition.

Similarly, Fig. 8 shows the frequency response diagram of
the center of the load base, with a 3.5 mm wall thickness con-
necting the rod under the folded condition. It can be found
that the main resonant frequency is about 55 Hz but, differ-
ently from Figs. 7 and 8, several subharmonic responses were
generated and the phase angle became negative in all the fre-
quency ranges.

3.2.2 Harmonic response of the load base under the
fully deployed condition

The analysis in Sect. 3.2.1 only exists in the workshop or
during the trip to orbit, which is not the normal state of the

Mech. Sci., 15, 63-76, 2024
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Figure 15. Frequency response of the fourth layer of the connecting rod. (a) Frequency vs. magnitude diagram. (b) Frequency vs. phase

diagram.

deployment mechanism. However, the fully deployed condi-
tion has the dominant status.

Figures 9-11 show the harmonic response of the load base
at the center of mass with different wall thicknesses of the
connecting rod under the fully deployed working condition.

As seen in Figs. 9—11, it can be found that, in the frequency
range of 0 to 1000 Hz, only the first-order main resonant fre-
quency response was generated, and the magnitude of vibra-
tion increased with frequency until the resonant point.

Additionally, the resonant point gradually became larger
with the increase in the connecting rod’s wall thickness, and
the magnitude of vibration decreased. In addition, it can be
seen that the phase angle transition point also increased si-
multaneously.

Mech. Sci., 15, 63-76, 2024

3.2.3 Harmonic response of the connecting rod under
the fully deployed condition

The deployment mechanism has four layers of connecting
rods according to Fig. 1. Obviously, those connecting rods
play a critical role in the system performance. It is quite nec-
essary to find the vibration response to avoid the critical ex-
ternal excitation.

Figures 12—-15 show the diagrams of frequency vs. mag-
nitude and frequency vs. phase angle for different layers of
connecting rods. By comparing the diagrams of frequency vs.
magnitude, it can be seen that the trend of the curve behaved
similarly but gradually decreased in magnitude. Additionally,
as seen in Figs. 12b—15b, the phase angle also behaves simi-
larly except for several transition points.

https://doi.org/10.5194/ms-15-63-2024
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One important way to conduct structure optimum design is
to obtain a system’s natural characteristics, including natural
frequency and vibration shape. Before starting modal anal-
ysis, all components need to be set as flexible parts, and
the wall thickness is chosen as a variable. Figure 16 shows
the meshed model under a fully deployed condition, and the
folded meshing model can be obtained in the same way.

Table 1 shows the frequency and damping ratio of the struc-
ture with different wall thicknesses under the folded condi-
tion. It should show that, according to the design specifica-
tion, the first-order natural frequency should be no less than
115 Hz, and the only available design with the available wall
thickness is 2.5 mm.

Table 2 shows the frequency and damping ratio of the struc-
ture with different wall thicknesses under the fully deployed
condition. Similarly, under the fully deployed condition, the
first-order natural frequency should be no less than 20 Hz. It

can be found that, according to Table 2, the available design
with proper wall thicknesses is 2.5 and 3 mm, respectively.

According to Sect. 3.2.1 and 3.2.2, it could be that the first-
order natural frequency under the folded condition is much
higher than the fully deployed condition, which also means
that the mechanism could generate high vibration at low fre-
quency. So, the fully deployed condition becomes the key
research object in this section.

Figure 17 shows the modal distribution diagram, and
Fig. 18 shows the vibration shape under the first sixth-order
natural frequency excitation. It can be seen that, in Fig. 18a
and b, the deployment mechanism swings as one part in two
horizontal directions. When the system is at high-level natu-
ral frequency excitation, system vibration changed into twist
or higher-level swing.

In this paper, a box-structured satellite-unfolding mechanism
with a brand-new self-actuated torsion joint is proposed, and
a physical model and a dynamic equation are established.
The system dynamic behavior is studied systematically, in-
cluding impact dynamic analysis, harmonic response analy-



(e) (f)

First sixth-order vibration shape under different natural frequencies. (a) First-order vibration shape. (b) Second-order vibration
shape. (¢) Third-order vibration shape. (d) Fourth-order vibration shape. (e) First-order vibration shape. (f) Sixth-order vibration shape.



Frequency and damping ratio with different wall thicknesses under the folded condition.

Order Natural frequency ‘ Damping ratio
1 mm 2.5mm 3.5mm ‘ 1 mm 2.5mm 3.5mm
1 52.5226 118.534 35.564 0.00110694  0.00219123  0.00127327
2 79.661 269.246 45.4194 | 0.000372739 0.0240956  0.00179502
3 242.625 281261 174911 0.790152 0.0282781 0.783862
4 229.48 344.033 177.947 0.760871 0.0259809 0.742891
5 154934 443.292 240.815 0.0193153 0.0470947 0.0214783
6 251.218 462.649 287.545 0.188274 0.0461821 0.0305008
Frequency and damping ratio with different wall thicknesses under the unfolded condition.
Order Natural frequency ‘ Damping ratio
Imm 25mm 3.5mm ‘ 1 mm 2.5mm 3.5mm
1 18.0605 20.0555 29.1763 | 0.00144546  0.00229639  0.00509782
2 18.7344 20.142  29.3584 | 0.00159535 0.00231231  0.00520071
3 29.265 30.2742  42.3297 | 0.00197595 0.00290489 0.00613632
4 109.525 114.669 133.154 0.0090971 0.0132825 0.024076
5 113.329 115946  134.137 | 0.00998474 0.0135798 0.0246054
6 1524 151.484 167.276 0.0104177 0.0146563 0.0249745

sis, and modal analysis. The analysis enables us to draw the
following conclusions.

1. The system could generate a sharp peak reaction force
value when the load base reaches the limiting position
during the process of unfolding. After the main impact,
several sub-peak forces followed and went into a stable
state finally, which shows that the first-order main im-
pacting force is the key parameter for checking whether
the additional joint damper is needed.

2. The harmonic responses of the load base and connect-
ing rod in the folded and fully deployed states are seen,
and the wall thickness is set as a structure optimization
variable. The result shows that the system generates a
high vibration magnitude at low-frequency excitation
when the mechanism is in the fully deployed state and
at high-frequency excitation when the mechanism is in
the folded state.

3. The first sixth-order natural frequency and vibration
shape with different wall thicknesses are obtained by
modal analysis. The result shows that only with a
2.5 mm wall thickness can the connecting rod satisfy the
design requirement.

4. The static and dynamic test research is scheduled to be
conducted in a space-like center to verify the validity
of the theoretical research, and the fatigue life, as the
most important parameter, will be tested and researched
based on the previous static and dynamic study. Addi-

tionally, the dynamic behavior research with more rod
thicknesses will be studied in future work.
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