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Abstract 

Large-scale solar sails can provide power to spacecraft for deep space exploration. A new type of telescopic tubular 
mast (TTM) driven by a bistable carbon fiber-reinforced polymer tube was designed in this study to solve the problem 
of contact between the sail membrane and the spacecraft under light pressure. Compared with the traditional TTM, 
it has a small size, light weight, high extension ratio, and simple structure. The anti-blossoming and self-unlocking 
structure of the proposed TTM was described. We aimed to simplify the TTM with a complex structure into a beam 
model with equal linear mass density, and the simulation results showed good consistency. The dynamic equation 
was derived based on the equivalent model, and the effects of different factors on the vibration characteristics of the 
TTM were analyzed. The performance parameters were optimized based on a multiobjective genetic algorithm, and 
prototype production and load experiments were conducted. The results show that the advantages of the new TTM 
can complete the deployment of large-scale solar sails, which is valuable for future deep space exploration.
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1  Introduction
Solar sails are most likely to be used in deep space explo-
ration in the future, and the area of the solar sail must be 
sufficiently large to achieve adequate thrust. When the 
size of the solar sail is very large, the displacement of the 
sail membrane under solar pressure will increase [1, 2]. 
The solar sail must be kept from the spacecraft using the 
deployment mechanisms to minimize damage caused by 
the sail membrane contacting the spacecraft [3, 4].

Many space deployable structures have been devel-
oped, including hinged truss extension arms, thin-walled 
tubular extension arms, inflatable extension arms, and 
tension integration system extension arms [5–7]. Many 
researchers have conducted related research on thin-
walled tubular extension arms, including structural 
parameter optimization, environmental coupling analy-
sis, and material blossoming. Yildiz et al. [8] used a par-
ticle swarm intelligence algorithm to optimize the size 
and prestress of the extension arm of a tension struc-
ture. Yang et  al. [9] optimized the stretching and wind-
ing process of a C-section thin-walled composite stretch 
arm and obtained the best design parameter values for 
the stretch arm using the NLPQL algorithm. Bai et  al. 
[10, 11] conducted a thermal and winding analysis of the 
lenticular composite extension arm in a simulated space 
environment. Jordan conducted experiments on the trac-
tion device of a lenticular extension arm, achieving the 
extension and contraction of the lenticular extension arm 
and preventing blossoming [12]. Ding et al. [13] designed 
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and analyzed the winding device of rope-driven space 
deployable structures. Soykasap et  al. [14] researched 
composite hinges and ribbon springs for extending arms 
[15–17]. Furthermore, scholars have shown interest in 
origami technology for extension arms [18, 19]. Different 
extension arms have their advantages and disadvantages. 
The stability and high strength of the extension arms 
are critical to the successful completion of the mission 
during interstellar voyages. Among extension arms, the 
space extension arm can be used as the support structure 
of the solar sail owing to its advantages, such as high pre-
cision, high strength, and high reliability. Therefore, it is 
necessary to analyze its dynamic characteristics and con-
duct parameterized design and optimization.

The TTM was first applied to the Dornier system in 
Germany. Its deployment length can reach 25 m, and it is 
used as a military communication facility. Joachim et al. 
developed a lenticular ultralight extension arm that can 
be used in space missions, such as solar sails, and con-
ducted zero-gravity experiments [20]. Michael designed 
a windable truss mast for solar sails, whose length could 
reach 100–1000 m [21]. Christoph et al. [22, 23] designed 
and experimented with the carbon fiber-reinforced pol-
ymer (CFRP) extension arm used on the solar sail and 
proposed improvements for future missions. Johnson 
et al. [24] summarized and prospected NASA’s research 
on solar sails. In addition to the application on solar sails, 
TTMs can be applied to the extension mechanism of off-
orbit sails. Craig et al. [25] used inflatable masts to sup-
port off-orbit sails to complete the off-orbit mission, and 
the satellite reentered the atmosphere after 72 days. Juan 
et al. [26] designed and developed the off-orbit sails for 
low earth orbit and conducted full-scale deployment and 
impact tests. Wei et al. [27] analyzed the inflatable arms 
and membrane folds of the inflatable deployable solar 
sail. Mark et  al. [28–30] conducted related research on 
inflatable extension arms .

Compared with the traditional space extension arm, 
the TTM driven by the bistable CFRP tube designed 
in this study achieved the goals of small volume, light 
weight, large extension ratio, a simple and reliable struc-
ture through structural innovation, and the application 
of composite materials. In this method, the TTM with a 
complex structure is assumed to be equivalent to a beam 
model with an equal linear mass density. The equivalent 
model results show consistency and reduce the workload 
involved in simulation engineering. The Euler–Bernoulli 
beam model is established based on the equivalent model 
to analyze the effects of different factors on the vibra-
tion characteristics of the TTM. The particularity of the 
rocket transportation process is established, the effects 
of six working conditions on the natural frequency of 
the TTM are analyzed, and the fixing method with the 

highest natural frequency is selected. The difference with 
the traditional single-objective optimization method is 
that the multiobjective genetic optimization algorithm 
can simultaneously achieve the relative optimum within a 
specific range when optimizing the performance parame-
ters of the TTM. The objective function can be increased 
or decreased based on the demand, which is significant 
for the rapid design and selection of the space extension 
arm and the reduction of the design cycle.

The summary of each section of this paper is as fol-
lows. The design of the stretching unit and driving struc-
ture of the TTM is presented in Section 2. In Section 3, 
the Euler–Bernoulli continuous beam theory is used to 
establish the dynamic model of the TTM. In addition, 
the convergence of the Euler–Bernoulli beam and the 
segmental model of the TTM for the equivalent model 
is analyzed, and the modal analysis results are compared 
using ABAQUS. In Section  4, the vibration character-
istics under different working conditions are analyzed. 
Six factors, including the material, diameter, wall thick-
ness, and the number of sections, are selected to analyze 
their effects on the vibration characteristics, and sensi-
tivity analysis is presented. In Section 5, the multiobjec-
tive genetic algorithm is used to optimize the natural 
frequency, mass, bending rigidity, and extension ratio of 
the TTM. The deployment experiments with tip-load are 
described. The conclusion is summarized in Section 6.

2 � Structure Design of TTM
The TTM mainly comprises two parts: the stretching unit 
and the driving structure. The main structure is shown in 
Figure 1, which mainly includes the bistable CFRP tube, 
motor, reel, stretching unit, and roller. The motor is fixed 
by a flange and drives the reel. The bistable carbon fiber 
is stretched out under the drive of the motor. The roller 
prevents the carbon fiber from blossoming, and the 
reel stores the bistable carbon fiber. The stretching unit 
is extended step by step under the action of the driving 
structure to complete the deployment. The stretching 
units consist of thin-walled tubes of the same length, and 
the wall thickness is generally thin to reduce the mass. 
The tube relies on the internal pin to complete the lock-
ing, improving the rigidity and load capacity. The outer 
arm of the tube is provided with a guide groove, and the 

Stretching unit

Bistable CFRP tube

Reel

Roller

Motor

Figure 1  Main structure of each part of TTM
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guide rail is matched with the groove to prevent circum-
ferential rotation and damage to the internal structure.

The power to extend the tube is provided by the drive 
mechanism. The motor drives the reel to extend the 
bistable carbon fiber, and the top is connected to the 
tube. As shown in Figure 2, multiple rollers are used to 
compress the bistable carbon fiber circumferentially to 
prevent the blossoming of the carbon fiber. The two ends 
of the circumferentially distributed roller are placed in 
the bearings inside the slider to roll smoothly and mini-
mize friction with the carbon fiber. The bottom end of the 
slider can accommodate a compression spring of a spe-
cific length, and the other end of the compression spring 
is in contact with the sidewall. It should be noted that the 
compression spring length should be slightly extended to 
ensure that the bistable carbon fiber on the reel can still 
provide sufficient radial force to prevent blossoming, as 
shown in Figure 2.

Figure  3 shows a schematic of the locking–unlocking 
process of the pin. When locked, the pin is pressed into 
the pinhole by the spring to complete the lock. When 
unlocked, the unlocking structure pulls the pin out of 
the hole under the CFRP tube tension to complete the 
unlocking.

Compared with the traditional space deployable struc-
tures, applying a new structure and bistable CFRP tube 
will significantly reduce the weight of the TTM, simplify 
the structure, and considerably increase the success rate 
of space missions. In addition, the thickness of the car-
bon fiber tube is small, which can reduce the tube length 
and achieve light weight and a super large extension ratio 
without increasing the volume of the collapsed state.

3 � Dynamic Analysis of TTM
The additional load at the top of the TTM is the solar sail. 
As shown in Figure 4, the solar sail can provide power for 
spacecraft that perform interstellar missions, save fuel, 
reduce the launch load, and carry additional equipment. 
Solar sails rely on solar pressure to achieve thrusting.

The solar sail is placed on top of the TTM and reaches 
the designated orbit for deployment. The TTM keeps 
the solar sail away from the spacecraft to prevent the 
sail membrane from affecting the spacecraft or causing 
damage to the sail membrane in contact with the space-
craft. The work process is shown in Figure 5. The TTM is 
deployed step by step under the motor drive. When the 
TTM is deployed to the maximum length, the top solar 
sail starts working until it is fully deployed.

Roller

Carbon fiber

Compression 
spring

Slider

Reel

Guide roller

F

Figure 2  Drive and antiblossoming structure

Figure 3  Pin lock and unlock process

Figure 4  Solar sail load at tip of TTM

Figure 5  Workflow of TTM and solar sail
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Many complex parts exist in the TTM. In addition to 
the tube and the mounting ring, the TTM also contains 
smaller parts, such as pins and springs. If the model can 
be simplified in the finite element simulation analysis, 
it can significantly minimize the workload in the analy-
sis process, improve efficiency, and save computing 
resources. After the TTM is deployed, it can be regarded 
as a continuum structure with uniform mass distribution, 
which satisfies the assumptions of a perfectly elastic body 
and small deformation. Therefore, we propose to equate 
a TTM with a complex structure to a simple beam with 
the same linear mass density and establish its dynamic 
model. The equivalent beam microelement section is 
shown in Figure 6.

Based on the D’alembert principle, the lateral force bal-
ance equation of the equivalent beam microelement sec-
tion can be derived as expressed by Eq. (1):

After sorting Eq. (1), Eq. (2) is derived:

Combined with the relevant parameters, Eq. (3) can be 
derived:

where q is the uniform load, Q is the shear force, M is the 
bending moment, D is the outer diameter, d is the inner 
diameter, l is the length, and α is the ratio of the inner 
diameter to the outer diameter.

3.1 � TTM Equivalent Model
In this section, the finite element model in the storage 
state was established using ABAQUS, as shown in Fig-
ure 7(a), and the equivalent model in the deployed state is 

(1)

Q(x, t)+ q(x, t)dx −

(

Q(x, t)+
∂Q

∂x
dx

)

− ρA(x)
∂2y

∂t2
dx=0.

(2)
M +

∂M

∂x
dx −M − Qdx

−

[

q(x, t)dx − ρA(x)
∂2y

∂t2
dx

]

dx

2
= 0.

(3)f1 =
1.8752

2π

√

ED4(1− α4)

64ρ(D2 − d2)l4
,

shown in Figure 7(b). The mesh convergence analysis was 
performed to improve the calculation speed. The grid 
size was uniformly selected from 5–50 mm; the drawing 
is shown in Figure 8, where the abscissa is the reciprocal 
of the grid size, and the ordinate is the natural frequency 
in the corresponding grid size. When the grid is less 
than or equal to 10 mm, the natural frequency is stable 
(Figure 8).

3.2 � Equivalent Model Verification and Modal Analysis
A segmented model and an equivalent model of the TTM 
were established in ABAQUS to verify the accuracy of 
the equivalent model. The selected mesh size of the finite 
element model was 10  mm, and the material was 7075 
aluminum alloy.

As shown in Figures  9 and 10, that is, the formations 
of the segmented and equivalent models, respectively, the 
modes of the two models are consistent.

The frequencies of each order of the two models are 
listed in Table  1. The 1, 3, and 5 order frequencies are 
consistent, and the errors with the segmented model are 
25.1%, 4.3%, and −  3.5%, respectively. The higher-order 

dx

q(x,t)

Q(x,t)

M(x,t)

Figure 6  Model of equivalent beam microelement segment

a) Contraction model b) Equivalent model
Figure 7  Model of TTM contraction and extension state: a 
Contraction model; b Equivalent model

Figure 8  Mesh size convergence analysis
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errors are relatively small, satisfying the preliminary 
design requirements.

4 � Effects of Different Factors on Vibration 
Characteristics

4.1 � Fixing Method and Load
To reveal the effects of different working conditions, 
such as the fixing method during transportation, and 
the effects of factors, such as the wall thickness, on the 

performance of TTM, we analyzed them to select the 
best option. The performance parameters of the solar sail 
are listed in Table 2.

There are two approaches to fixing the TTM during 
transportation: fixing at the bottom end and both ends. 
In the extension state, it can also be divided into two 
cases based on the load. Different fixing methods have 
a specific influence on the rigidity of the structure. The 
analysis models are established according to different 
fixing methods, and the natural frequency is extracted 
and analyzed. In addition, when the solar sail is fixed on 
the top as a load, it will affect the vibration characteris-
tics of the TTM. We divided the fixing methods of the 
TTM during the transportation process into six cases 
and analyzed them separately. These six cases are listed 
in Table 3.

Figure  11 is the displacement cloud diagram for two 
conditions when the equivalent load of a solar sail is 
installed on the top of the TTM in the contraction state.

For these six cases, the base of the TTM was connected 
to the platform by bolts to keep it stable during trans-
portation. In addition, the model was simplified before 
the analysis. Unnecessary, small chamfers were removed 
to minimize the appearance of low-quality meshes. The 
analysis data for the six cases were sorted out, and the 
results are shown in Table 4.

It can be seen from Table 4 that the natural frequency 
difference between A and C is relatively significant, and 
the highest increase reached 362.35%. The difference in 
the fixed method resulted in a more significant increase 
in the natural frequency. The simulation results for the 
six working conditions of the TTM show that the load 
influences the natural frequency. The rigidity of the over-
all structure did not change significantly owing to its 
small size and light weight, and the natural frequency 
decreased slightly. Based on the comprehensive analysis 
results, it is recommended to adopt the method of fixing 
at both ends for transportation; this is beneficial to elimi-
nate lower frequency vibration and prevent structural 
damage caused by resonance.

4.2 � Other Factors
The impact on the vibration characteristics of the TTM 
based on four aspects (the material, wall thickness, 

Figure 9  Modal shape of segmented model of TTM

Figure 10  Modal shape of equivalent model of TTM

Table 1  Frequency of each step of TTM (Hz)

Model 1 3 5 7

Segmented model 8.92 43.15 109.46 194.27

Equivalent model 6.68 41.26 113.32 147.21

Table 2  Parameters of solar sail

Length 
(mm)

Width (mm) Height (mm) Weight (kg) Expanded 
area (m2)

100 100 49.3 1.1 0.53

Table 3  Different states and loads of TTM

Condition A B C D E F

Expanded state – – – – Yes Yes

Collapsed state Yes Yes Yes Yes – –

Top fixed – – Yes Yes – –

Bottom fixed Yes Yes Yes Yes Yes Yes

Load – Yes – Yes – Yes
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diameter, and the number of sections) was investigated 
to further analyze the influence of different factors on 
the vibration characteristics of TTM. First, the influence 
of the material on the modal of the TTM was analyzed. 
Material analysis can provide support for product design. 
The parameters of typically used aerospace materials are 
listed in Table 5.

By assigning different materials to the model, the 
frequency information was obtained for different 
materials of the TTM. The frequencies in the corre-
sponding orders of the four materials were plotted. 
The frequency of the TTM made of carbon fiber T700 
significantly improved compared with those of other 
materials, and its natural frequency (the first-order fre-
quency) increased by approximately 16.6−25.1% (Fig-
ure  12). Therefore, carbon fiber materials should be 
preferred in the design of TTMs. Although the 45 steel 
has a better natural frequency than the 7075 aluminum 
alloy, its high density increases transportation costs. 
Magnesium alloy can be replaced by aluminum alloy 
because of its low density and excellent vibration char-
acteristics. Based on the comparison and analysis of the 
results, the carbon fiber exhibited the best overall per-
formance, followed by the aluminum alloy, magnesium 
alloy, and 45 steel.

Although the wall thickness influences the TTM 
weight and collapsed diameter, it also influences the 
natural frequency. In this study, the wall thickness was 
used as a variable in the design, and the material was 
T700 carbon fiber, with a 0.5 mm gradient, to evaluate 
the vibration characteristics of an extension arm with a 
thickness of 1–5 mm.

Figure 13 is plotted according to the data obtained from 
the simulation. As the wall thickness gradually increases, 
the frequencies of each order, including the natural fre-
quency, increase gradually. When the wall thickness is 5 
mm, the high-order frequency increases significantly. Its 

Figure 11  Displacement cloud diagram under two conditions (B/D)

Table 4  Comparison of first six-order frequencies in six cases (Hz)

Mode A B C D E F

1 66.55 64.31 307.71 306.00 6.67 6.38

2 76.59 74.04 322.57 320.80 6.67 6.38

3 361.58 353.14 420.05 430.06 41.26 39.50

4 370.78 363.49 430.48 430.48 41.26 39.50

5 426.74 426.41 441.88 441.83 113.32 108.61

6 429.91 430.45 509.47 509.38 113.32 108.61

Table 5  Material characteristic parameters

Material E (GPa) ν ρ (kg/m3) Thickness
(mm)

Length
(mm)

Al-7075 72 0.33 2.8×103 5 5320

T700 60 0.3 1.6×103 5 5320

Mg alloy 42.2 0.28 1.76×103 5 5320

45# 193 0.3 7×103 5 5320
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Figure 12  Effect of material on vibration characteristics
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natural frequency is 2.84% higher than that of the 1 mm 
wall thickness. The relationship between weight and fre-
quency should be considered when designing extension 
arms, and a smaller wall thickness should be selected to 
satisfy the frequency requirements.

Because of the limitation of the carrying space, the stor-
age volume of the TTM should be as small as possible. 
The diameter of the TTM tube directly affects the vol-
ume; thus, it is necessary to assess the influence of diam-
eter on the vibration characteristics. With a diameter of 
180 mm as the benchmark, the effect of the diameter on 
the vibration characteristics was investigated with incre-
ments of 10 mm. When the wall thickness and length 
are constant, the natural frequency slightly increases 
with increasing diameter, whereas the higher-order fre-
quency decreases (Figure 14). The diameter was selected 
based on the analysis results. A small diameter should be 
selected when the natural frequency does not change sig-
nificantly. In addition, a small diameter helps to increase 
high-order frequencies and decrease the weight.

The extension ratio is a critical performance index of 
the space extension structure. The number of sections 
directly influences the extension ratio of the TTM. The 
volume of the launch vehicle is limited, and a larger 
extension ratio indicates a smaller storage length, mak-
ing full use of the carrying space. If the length is con-
stant, the increase in the number of sections results 
in an increased extension ratio. However, the number 
of sections should also be limited to a specific range 
to achieve improved performance. In this section, the 
length and material of the TTM remained unchanged, 
and the selected number of sections ranged from 3 to 7 
in evaluating the influence of the number of sections on 
vibration. When the number of sections is 5, the natural 

frequency is 2.81% higher than that of 3 sections and 
3.42% lower than that of 7 sections. The results of 
the extension ratio are presented in Figure  15. As the 
number of sections increases, the natural frequency 
increases slightly. When the natural frequency does not 
change considerably, the number of sections should be 
selected as much as possible to obtain a larger exten-
sion ratio and excellent vibration characteristics.

4.3 � Sensitivity Analysis
The sensitivity analysis was conducted using the opera-
tions research method to analyze the effects of different 
factors on the vibration characteristics of the TTM. The 
sensitivity analysis equation is expressed as follows:
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Figure 13  Effect of wall thickness on vibration characteristics
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Figure 14  Effect of diameter on vibration characteristics
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where fi and xj are not zero, �fi and �xj are the natural 
frequency variations and parameter variations, respec-
tively, and xj and fi are structural parameters and natural 
frequencies under corresponding parameters, respec-
tively. The sensitivity chart is plotted based on the simu-
lation analysis results presented in Table 6.

It can be seen from the sensitivity analysis table that the 
value can be positive or negative. A positive value indi-
cates an increase in the natural frequency, and a negative 
value is the opposite. The influence of diameter on the 
vibration characteristics is more significant than those of 
the number of sections and the wall thickness. Hence, the 
effect of diameter on the vibration characteristics should 
be given priority in the design. When the natural fre-
quency must meet the task requirements, the diameter 
should be given priority.

5 � Multiobjective Genetic Algorithm Optimization 
and Experimental Verification

In this section, we discuss how to obtain the optimal 
performance parameters of TTM using a multiobjective 
genetic algorithm. We then produced the prototype and 
conducted an experimental verification. The multiobjec-
tive genetic algorithm was proposed by Deb et al., which 
is based on nondominated sorting and exhibits excellent 
solution performance [31].

5.1 � Objective Function and Feasible Range
The design of the TTM should optimize the parameters 
of multiple objective functions. Multiobjective optimiza-
tion can be regarded as the minimum or maximum value 
of multiple objective functions under constraints. In gen-
eral, the optimal solution of the multiobjective function 
is not unique, a game between variables exists, and the 
result is the Pareto optimal front.

The mathematical model of multiobjective function 
can be expressed by Eq. (5):

(4)η
(

fi/xj
)

= lim
�xj→0

(

�fi/fi
)

(

�xj/xj
) ,

(5)
{

min /max y = (f1(x), · · ·, fn(x)),

x = (x1, · · ·, xn),

where f is the objective function, x is the variable, and n is 
the number of variables.

Variables must be optimized within a particular feasi-
ble region. If the feasible region is not specified, exten-
sive calculations will be required, and the parameters 
obtained will not satisfy actual requirements. There-
fore, it is necessary to assign parameter ranges to the 
variables and obtain the optimal solution of the objec-
tive function for selection.

After completing the TTM design, the feasible region 
of the objective function is specified, and optimization 
is performed. The TTM is installed inside the trans-
port rocket, and its height, radius, weight, and other 
parameters must be designed according to actual con-
ditions. The extension and contraction lengths of the 
TTM determine its extension ratio. The extension 
ratio should be as high as possible to reduce the stor-
age space. The diameter should be reasonably selected 
according to the overall length and working properties 
while ensuring sufficient strength and meeting the stor-
age space requirements.

The objective functions to be optimized are expressed 
by Eq. (6):

where E is the elastic modulus of the material, ρ is the 
material density, I is the section moment of inertia, α is 
the radius ratio, D is the outer diameter of the TTM, d 
is the inner diameter, l is the length, and x4 is the section 
number of the TTM.

Because the matrix operation is used in the optimi-
zation process, the independent variable is the col-
umn vector of x, and the variable is replaced with the 
sequence of x when writing the program. The objective 
function is the minimum value during optimization. 
Therefore, if the maximum value of the function is to be 
obtained, its reciprocal should be adopted as the objec-
tive function. The feasible ranges of the parameters are 
listed in Table 7.

5.2 � Parameter Optimization
When the objective function and feasible region are pro-
vided, the optimization of the objective function can be 
conducted. Compared with traditional optimization algo-
rithms, the random characteristics of genetic algorithms 
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Table 6  Sensitivity analysis under different factors

i = j 1 2 3 4 Average value

Wall thickness 0.0054 0.0054 0.0054 0.0117 0.0070

Diameter 1.0206 1.0223 1.0206 1.0189 1.0206

Number of sections 0.0068 0.1219 0.0566 0.1361 0.3080
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can prevent falling into the local optimum and determine 
the global optimum. Traditional algorithms are gener-
ally used for solving structured problems with explicit 
constraints. Overall, they have the best advantage but 
are unsuitable for multiextreme problems. For the 
four objective functions in this study, multiple optimal 

solutions are available in the feasible range. Hence, the 
multiobjective genetic algorithm can rapidly obtain the 
optimal solution set of the variables.

The parameters of the multiobjective genetic algo-
rithm, including the optimal front-end individual coeffi-
cient, population size, and evolutionary algebra, were set. 
The related parameters are listed in Table 8.

After setting the parameters, the Gamultiobj function 
was used to solve the problem based on the equivalent 
model of the TTM, and the Pareto solution set of the 
multiobjective function was obtained. The results are 
presented in Table  9, where D is the diameter, T is the 
wall thickness, L is the length, N is the number of sec-
tions, F is the natural frequency, M is the mass, K is the 
bending rigidity, and W is the extension ratio.

The diameter tends to the given maximum value 
(Table  9), which means that the larger the diameter, 
the better the solution of the objective function. In the 
Pareto solution set, the length tends to the given mini-
mum value, and the lower the value, the better the per-
formance. The optimal solution of the number of sections 
is mainly at the maximum value such that the extension 
ratio remains unchanged during optimization. Thus, the 
maximum allowable number of sections can be provided 
at the beginning of the design.

The objective function fluctuates referred from the 
Pareto solution set, and a game exists among several 
objective function values. The parameter design should 

Table 7  Feasible ranges for parameters

Variable Feasible range

Outer diameter x1 (m) 0.15‒0.20

Wall thickness x2 (m) 0.002‒0.005

Length x3 (m) 4.8‒5.2

Number of sections x4 (m) 5‒10

Table 8  Genetic algorithm parameter settings

Parameter Value

ParetoFraction 0.3

PopulationSize 200

MaxGeneration 300

stallGenLimit 300

TolFun 1×10−10

Crossover ratio 0.8

Mutation ratio 0.2

Table 9  Multiobjective optimization Pareto solution set

D (mm) T (mm) L (m) N F (Hz) M (kg) K (N·m2) W

150.00 2.00 4.80 9.99 6.43 12.54 1.8×105 0.10

199.97 2.33 4.81 9.55 8.56 19.51 5.1×105 0.10

199.95 4.98 5.07 9.71 7.60 43.46 1.0×106 0.10

199.97 2.08 4.81 9.77 8.57 17.48 4.6×105 0.10

199.87 4.99 4.93 9.81 8.03 42.31 1.0×106 0.10

198.58 2.75 4.81 5.04 8.46 22.87 5.8×105 0.20

176.69 2.02 4.80 9.98 7.58 14.99 3.1×105 0.10

199.71 4.50 4.82 9.76 8.43 37.32 9.5×105 0.10

199.81 4.91 4.85 8.55 8.32 40.93 1.0×106 0.12

198.61 2.96 4.82 8.41 8.44 24.67 6.3×105 0.12

168.55 2.67 4.84 10.00 7.10 18.93 3.4×105 0.10

198.87 4.91 4.83 5.24 8.33 40.60 1.0×106 0.19

199.32 4.32 4.84 8.90 8.34 35.95 9.1×105 0.11

199.97 4.66 4.82 9.56 8.41 38.72 9.8×105 0.10

195.25 2.75 4.81 9.94 8.34 22.46 5.5×105 0.10

197.87 2.42 4.83 5.34 8.41 20.18 5.1×105 0.19

199.21 3.89 4.82 9.15 8.42 32.33 8.2×105 0.11

199.11 3.36 4.87 6.06 8.27 28.28 7.1×105 0.16

183.75 2.03 4.80 9.57 7.89 15.64 3.4×105 0.10

189.12 2.22 4.81 9.96 8.09 17.60 4.1×105 0.10
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be selected according to the degree of importance and 
priority. The internal connections and changes between 
parameter values can be observed clearly in Figure 16.

In addition to the game phenomenon between objec-
tive functions, a process between design and target 
parameters exist, as shown in Figure 17. The increase in 
the outer diameter increases the natural frequency of 
the structure, which is approximately linear. In addition, 
it increases the bending rigidity of the structure and has 
a nonlinear relationship. The increase in the number of 
sections inevitably leads to a decrease in the extension 
ratio, making it possible to reduce the storage height. The 
increase in the wall thickness causes the bending rigidity 
to increase. Therefore, the bending rigidity can be signifi-
cantly improved if the outer diameter and wall thickness 
enable change.

5.3 � Repeated Deployment and Load Experiment
A proportional prototype was developed based on the 
data selected from the Pareto solution set, as shown in 
Figure  18. The entire experimental process was com-
pleted in an ultraclean laboratory.

The drive motor model selects an MD36NP51 plan-
etary gear motor, and the rated torque can reach 
2.5  N·m. The load and the TTM were connected by 
screws. The load of the solar sail was replaced by a 
cuboid of the same weight to complete the deployment 
experiment. The experimental process was repeated 
10  times, and the deployment and repossession pro-
cesses were relatively stable. In addition, experiments 
were performed with a load five times the weight of 
the solar sail, and the deployment and repossession 

tasks were completed, verifying the load capacity of the 
TTM. The entire experimental process took 12.5  s on 
average, and the time sequence is shown in Figure 19. 
In future experiments, the solar sail will be used to ver-
ify whether the unfolding process causes the vibration 
of the solar sail.

6 � Conclusions
The main conclusions of this study are as follows.

1)	 A TTM driven by a bistable carbon fiber was 
designed. It has light weight, high precision, strong 

Figure 16  Pareto optimal solution of objective function

Figure 17  Game process between target and design parameters

Figure 18  Prototype of TTM
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load capacity, and can be repeatedly deployed, which 
is essential to satisfying future space requirements.

2)	 The Euler–Bernoulli equivalent beam model and the 
segmented beam model were analyzed, and their nat-
ural frequency results are in good agreement.

3)	 The analysis results under different working condi-
tions show that the performance is better when the 
two ends are fixed than when only one end is fixed. 
The influence of multiple factors, such as the wall 
thickness, on the vibration characteristics of the 
TTM, was analyzed, which has guiding significance 
when selecting design parameters.

4)	 The NASG-II multiobjective genetic algorithm was 
used to optimize the natural frequency, mass, exten-
sion ratio, and bending rigidity of the TTM, and its 
Pareto solution set was obtained. It is critical for the 
parametric design of the TTM.

5)	 The processing prototype was deployed under load-
ing. The results show that the extension of the TTM 
and the repossession can be achieved smoothly.

The vibration generated during the working process is 
challenging to dissipate because of the unique working 
environment of the TTM. Therefore, vibration control 
will be investigated in future studies. In addition, we will 
attempt to increase the strength and extension ratio of 
the TTM and decrease the weight.
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