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Abstract: In this study, a hybrid iteration force density method (HIFDM) was proposed to ensure
both tension uniformity and accuracy of an antenna mesh reflector. Based on a genetic algorithm
(GA), the boundary cable tension of the antenna reflector net was optimized, which further improved
the precision of the antenna mesh reflector. The static model of the large deployable structure was
established using the finite element method (FEM), and thus, an iterative strategy for form-finding of
the antenna reflector net was proposed, which considered the influence of the elastic deformation of
the deployable structure. The results showed that the HIFDM was effective for the form-finding of the
antenna mesh reflector, and the shape precision was improved by further optimization using the GA.
Finally, it was noted that the elastic deformation of the deployable structure will reduce the uniformity
of cable tension and affect the precision of antenna reflectors. Due to the large-scale and soft stiffness,
the large deployable structure had a high sensitivity to cable pretension, and it is important to design
a reasonable cable pretension to ensure the accurate shape of antenna mesh reflectors.

Keywords: mesh reflector; form-finding; hybrid iteration force density method (HIFDM); finite
element method (FEM); genetic algorithm (GA)

1. Introduction

Space antennas have been widely used in major technological areas such as resource
exploration, electronic reconnaissance, and deep space exploration. They are an indispens-
able functional component in the aerospace industry [1]. Due to people’s requirements
for detection accuracy and breadth, the antenna is forced to develop in the direction of
higher performance [2,3]. Therefore, a larger aperture has become an inevitable trend of its
development. The parabolic antenna has the characteristics of wide swath and high gain,
becoming one of the most potential antenna structures [4].

For large aperture antennas, the most used reflector structure is a mesh reflector,
which has many advantages, including high surface-forming precision and large antenna
extension ratio [5]. However, it is difficult to design and adjust mesh reflectors due to the
complex cable system. Currently, there are various methods to analyze the configuration
of the cable mesh reflector to obtain a reasonable pretension. These methods include the
force density method [6,7], dynamic relaxation method [8], and the nonlinear finite element
method [9,10]. Among them, the force density method (FDM) can linearize the complex
nonlinear equations and greatly reduces the difficulty of the solution. This is beneficial to
calculate as the FDM has been widely used in the study of form-finding, and the analysis
of geometric and topological optimization of tensioned cable structures [11–13]. Moskaleva
et al. [14] proposed a new tool based on the FDM combined with topological mapping to
create freeform compression-only shell structures. Cai et al. [15] used extended FDMs to
dispose of the form-finding problem of tensegrity structures with multiple equilibrium
modes. Pauletti [16] reported that the natural force density method (NFDM) is a convenient
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and efficient method for the shape-finding of membranes and funicular shell structures,
and extended the method to quadrangular elements. Wei [17] presented a new method
for geometry and topology optimization of plane frame structure using force density for
defining the nodal locations of free nodes. In addition, Liu [18], Zhang [19], Yang [20],
Wang [21], and other scholars have used the force density method to successfully conduct
form-finding analysis on different cable net structures.

Although the above studies have solved the form-finding problem of the tensioned
cable net structure well, they failed to consider the influence of the pretension of the
tensioned cable net structure on the deformation of the elastic boundary. When analyzing
the structure with the complex boundary, often to ensure the uniformity of the tension of the
inner cable net, the configuration error of the boundary cable net is large, and it is difficult
to fully reflect the coupling effect of the tensile cable net structure and the elastic boundary
in the actual project. In addition, because the large space deployable antenna is a complex
system with a large-scale flexible truss and a large flexible cable reflector [22], when the
pretension of the reflective surface is designed, the elastic deformation of the deployable
structure will also cause a change of the cable tension. To consider the influence of elastic
deformation of the deployable structure on the form-finding analysis of mesh reflectors,
the static model of the deployable structure should be established. Li [23,24] established a
static model of ring trusses based on the absolute nodal coordinate formulation (ANCF),
even though the ANCF was difficult to establish as the mathematical model of the large
deployable structure.

Regarding the issue above, the FEM [25,26] was used to establish a static model of the
developable parabolic cylinder support truss to facilitate follow-up research. At the same
time, considering the problem that the current force density method cannot realize the co-
optimization of the boundary and the interior of the large mesh antenna, a hybrid iterative
mode was proposed, which not only ensures the configuration accuracy of the boundary
cable network but also ensures the uniformity of the tension of the internal cable segments.
The optimization algorithm was used to further improve the shape accuracy of the reflector.
Finally, based on the practical application, the elastic deformation factors of the truss were
integrated, and the form-finding strategy of the cable-net antenna was finally proposed.
Compared with the current mainstream force density method, the method proposed in this
paper considers the inner side, complex boundary, and boundary deformation, improves
the overall accuracy of the cable net system, and provides a feasible solution for the
subsequent analysis and optimization of large cable net structures.

The remainder of this paper is organized as follows. In Section 2, based on the original
iterative FDM, a new iterative format is proposed. Combined with the original iterative
FDM, the hybrid iteration (HIFDM) is constructed. In Section 3, a genetic algorithm (GA)
is proposed—based on the research of Section 2—to optimize and analyze the tension of
the boundary cable. In Section 4, the form-finding strategy of the antenna mesh reflectors
that takes into account the elastic deformation of deployable structures was established. A
summary of the work and future research suggestions are given in Section 5.

2. Form-Finding Analysis of Mesh Reflectors Based on HIFDM
2.1. The Principle of Iterative FDM

The force density method, originally proposed by Linkwitz and Schek, is one of
the most widely used methods for the form-finding analysis of mesh reflectors. This is
because it is effective and easily implemented. For a three-dimensional tensegrity structure
with N elements, the number of free coordinates is denoted as n f and the number of
fixed coordinates as ng. The topology of tensegrity structures can be expressed by the
connectivity matrix C ∈ RN×(n f +ng). The values of the elements in connectivity matrix C



Aerospace 2022, 9, 239 3 of 19

are shown in function (1). If member k connects nodes i and j(i < j), then the connectivity
matrix C, the ith column, and the jth column in the k row are 1 and −1, respectively.

C(k, p) =


1 f or p = i.
−1 f or p = j.
0 otherwise.

(1)

The connectivity matrix C can be divided into two parts [C f Cg], where C f ∈ RN×n f

is only related to free coordinates, and Cg ∈ RN×ng is only related to fixed coordinates.
If the free coordinate vector is denoted as [x f y f z f ], and the fixed coordinate vector as

[xg yg zg], then the linear equilibrium equations based on force density can be expressed as
function (2), 

C f
TQC f x f + C f

TQCgxg = Px

C f
TQC f y f + C f

TQCgyg = Py

C f
TQC f z f + C f

TQCgzg = Pz

(2)

where Q is a diagonal matrix of force density coefficients,

Q = diag(q). (3)

The force density coefficient qi is the ratio of cable tension Ti to cable length li, that is,

qi =
Ti
li

(4)

For tensegrity structures only subjected to pretension, there is no external force. There-
fore, the free coordinate can be expressed as

x f = −
(

C f
TQC f

)−1(
C f

TQCgxg

)
y f = −

(
C f

TQC f

)−1(
C f

TQCgyg

)
z f = −

(
C f

TQC f

)−1(
C f

TQCgzg

) (5)

The force density coefficient of each cable segment is assumed constant in the classical
FDM, and the tension of cable segments can be noted as

Ti
′ = qili ′ (6)

Here, li ′ represents the new length of the ith segment, which can be solved by the
interconnecting points’ spatial coordinates. When the length of the cable segment changes,
the tension of the cable segment also changes, so the classical FDM results in uneven tension
of the cable segment. To achieve a uniform mesh tension distribution, Morterolle [27]
proposed an iterative FDM, the main idea of which is to update the force density coefficients
and adjust the tension at each iteration step so that the tension of each cable segment in
the final form-finding result is equal to the uniform tension Td. Then, at each iteration step,
the force density coefficient after the ith cable segment is updated and can be expressed as
follows, where p represents the current iteration step.

qi
(p+1) = qi

p Td
Ti

p (7)

2.2. Form-Finding Analysis of a Mesh Reflector Based on Iterative FDM

The deployable parabolic cylinder antenna shown in Figure 1 consists of the large
deployable structure and the mesh reflector, the effective reflection area of the given
parabolic cylindrical antenna is 12 m × 10 m, and the overall mass is 200 kg, which is
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spliced by multiple modules and mainly used in the exploration of earth resources. The
original iterative FDM introduced in Section 2.1 was used for the form-finding analysis of
the mesh reflector. Under 10 N cable pretension, the result of the form-finding analysis is
shown in Figure 2. The resulting mesh configurations are depicted with red dotted lines
whereas the blue lines represent the initial configuration. As can be seen from the figure, the
positions of the cables’ interconnecting points at the boundary change greatly, even though
the positions of the internal cable interconnecting points change slightly. In summary, the
cables’ configuration at the boundary will seriously affect antenna performance.

Figure 1. The deployable parabolic cylinder antenna.

Figure 2. The result of form-finding analysis of mesh reflectors.
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Figure 3 shows the maximum tension ratio of the cable in the iteration steps, with
the ratio approaching 1. That is, the cable tension is uniform on the mesh reflector of the
antenna. However, the precision of the antenna mesh reflector was seriously affected by the
iterative FDM, and therefore, precision was not expected during the form-finding process.

Figure 3. Maximum tension ratio.

2.3. Hybrid Iteration Force Density Method (HIFDM)

In order to ensure the precision of the antenna mesh reflection and make the tension of
the inner cable uniform, a hybrid iterative method of force density coefficient was proposed.
First, a new iteration format with the length as a variable was constructed for the boundary
cables, Equation (8):

qi
(p+1) = qi

p Li
p

Lo
(8)

where Li
p is the length of the boundary ith cable segment in the p-th iteration, and Lo

was the theoretical length of the corresponding cable. It can be seen that the length of the
boundary cable will trend to the original theoretical length with the increased number of
iterations. It is worth noting that the iterative form has potential shape-preserving effects
for irregular tensegrity structures.

Figure 4 shows the configuration of an antenna mesh reflector. The black line rep-
resents the boundary segment and the iterative form of the force density coefficient of
Equation (8) is adopted in the iterative process. The inner cables are represented by dark
cyan lines and the iterative format of the original force density coefficient, Equation (7),
is adopted in the iterative process. The blue points represent the fixed-point positions.
Considering that the net precision of the internal cables affected the pointing accuracy of
the antenna mesh reflector, it can be used as the convergence index of the algorithm. The
internal point configuration error is

δni =

√
(xni

′ − xni)
2 + (yni

′ − yni)
2 + (zni

′ − zni)
2 (9)
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Figure 4. The configuration of an antenna mesh reflector.

Taking the theoretical configuration as the reference, the root mean square (RMS) of
the antenna mesh reflector is

ψ =

√√√√ N

∑
i=1

δni
2

N
(10)

Here, (xni, yni, zni) represents the theoretical position coordinates of interconnecting
points. The position coordinates after form-finding were marked (xni

′, yni
′, zni

′), and N is
the total number of internal coordinates.

The result of form-finding by the HIFDM is shown in Figure 5.

Figure 5. The result of form-finding analysis of a mesh reflector by the HIFDM.
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According to the results shown in Figure 5, the form-finding process based on the
HIFDM has a potential shape-preserving effect between the boundary cables and the inner
cables. In addition, the position of the interconnecting points of the cables does not change
from before to after the form-finding. The internal cable segment tension is shown in
Figure 6. According to the figure, the value of the internal cable tension is very close to
10 N, so the internal cable tension is uniform. Figure 7 shows the tension value of the
boundary cable segments. The HIFDM ensures the position of the interconnecting points
of the boundary cable, and the maximum tension ratio is 4.8445.

Figure 6. The internal cable segment tension.

Figure 7. The boundary cable segment tension.

Figures 8 and 9 show the maximum tension ratio of the internal cables and the precision
of the mesh reflector with the number of iterations, respectively. The maximum tension
ratio is 1.0011 and the RMS is 6.6 mm.
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Figure 8. Maximum tension ratio.

Figure 9. The precision of the mesh reflector.

3. Optimization Analysis of Antenna Reflector Accuracy Based on GA
3.1. Optimization Target

The uneven length of the boundary cable segments and different tension directions can
have a great influence on mesh reflector precision. To further improve the accuracy of the
antenna reflector, this section will further optimize the boundary cable segment tensions.

Compared with traditional optimization algorithms, genetic algorithms (GAs) are
effective at searching for improvements. Additionally, GAs are not limited by search space
and the optimization process does not involve specific parameter relationships between
variables and objective functions [28–30]. Therefore, GAs have the potential to optimally
solve the problem of many boundary cables and uneven cable tension. The RMS of a
mesh reflector can be used as an optimization criterion to measure the rationality of the
distribution of cable tension. Optimization of the boundary tension of a cable segment aims
to reduce the RMS of the antenna reflector. Thus, the objective function is

min[ψ(Tm1, Tm1, · · · , Tmn)] (11)



Aerospace 2022, 9, 239 9 of 19

Here, Tmi is the pretension at the cable segment i, and the number of boundary cable
segments is n. All cable segments should be in the tensioned state in the optimization
process; that is, the constraint condition of optimization is

Tmi > 0 (12)

The optimization process is as follows:

1. First, the pretension of the boundary segment obtained according to the HIFDM
in Section 2 was used as the initial distribution strategy. [−|∆Tmi|, |∆Tmi|] is the
floating range allowed by the pretension. The N pretension allocation schemes,{{

T′mi
}

j|i = 1 ∼ n, j = 1 ∼ N
}

, were randomly generated to form the initial popu-
lation. The adjusted pretension of the boundary segment was obtained according to
Equation (13), and randi is the uniformly random number from −1 to 1.{

T′mi = Tmi + randi|∆Tmi|
randi ∈ [−1, 1]

(13)

2.
{

T′mi
}

j is introduced into the form-finding model of the HIFDM and the RMS of the
antenna mesh reflector was obtained. The process was repeated until the RMS values
of all initial populations

{
ψj
∣∣j = 1 ∼ N

}
were obtained.

3. The fitness function value was calculated according to
{

ψj
∣∣j = 1 ∼ N

}
. Then, the

roulette model was used to screen the individuals based on the fitness function value
and a population composed of relatively superior individuals was obtained.

4. A cross mutation operation was carried out on the screened population and the
optimal individual was retained according to certain probabilities to form the next-
generation population.

5. Steps (2) through (4) were repeated until the RMS difference value between any two
generations later was less than the given precision tol (in this paper tol = 0.001 mm);
that is, the population convergence and the optimal pretension distribution scheme
were obtained.

3.2. Optimization Results Analysis

This study adopted an adaptive GA proposed by Lin. The population size was set
to 50 and the genetic algebra to 400. Based on the above optimization steps, the final
form-finding result is shown in Figure 10. The RMS of the internal mesh reflector decreased
from 6.6 mm to 4.3 mm with the accuracy improved by 34.8%. Figure 11 shows the RMS
difference value between the two generations of the population, indicating the population
convergence starting from generation 282 and the optimal solution.

Figure 12 shows the optimized form-finding configuration of the mesh reflector. The
interconnecting points of the cables are very close to the theoretical position. It can be
seen from the internal tension of the cable segments shown in Figure 13, as compared with
the previous optimization, that the internal cable segment tension was more concentrated
around 10 N and the maximum tension ratio was 1.001. Figure 14 shows the tension value
of the boundary cable segments. The maximum tension ratio compared with that before
the optimization was increased to 5.608. The maximum change of the boundary cable
tension value from the original scheme was around 1 N, which indicates that the precision
of the mesh reflector was sensitive to the distribution of tension of the boundary cables.
However, a reasonable strategy for the boundary cable tension will help to improve the
shape accuracy of the antenna mesh reflector.
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Figure 10. Convergence process of GA.

Figure 11. Difference value of the RMS between adjacent algebras.

Figure 12. The optimized form-finding configuration of the mesh reflector.
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Figure 13. The internal cable segment tension.

Figure 14. The boundary cable segment tension.

4. Form-Finding Analysis of an Antenna Reflector with the Deformation of a
Deployable Structure

Due to the large size of its deployable structure, the antenna has low stiffness. Defor-
mation occurs under the action of pretension of the cables so that the position of connecting
points between cables and the deployable structure changes. This will lead to the cable
segment pretension obtained in Section 3, and even cause the pretension failure of the
antenna mesh reflector. Therefore, it is necessary to design the pretension of the antenna
mesh reflector such that the elastic deformation of the deployable structure is considered
for practical engineering applications.

4.1. Static Model of the Deployable Structure Based on the FEM

The deployable structure is shown in Figure 15. Three different kinds of sub-elements,
the basic unit on the directrix (BUD), the MBUG (main basic unit on the generatrix (MBUG),
and the assistant basic unit on the generatrix (ABUG) make up the basic sub-ring.
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Figure 15. The deployable structure.

Three-dimensional beam elements were used to discretize the deployable structure
in this study. According to the finite element theory, the mechanical model of the three-
dimensional beam element was expressed by Equation (14), which indicates the relationship
between node load and node displacement. The specific derivation process can be referred
to in the literature [31].

Keδe − se = 0 (14)

se is node load, δe is node displacement, and Ke is the element stiffness matrix. They
are all defined in local coordinates. Through the rotation matrix of pose Re, they can be
transformed into a global coordinate system.

First, the stiffness matrix of the element was represented by Kmn
ie . Here, subscript i and

superscript (m, n) are beam element numbers and node numbers at both ends, respectively.
Then, through the corresponding beam element cosine matrix Rie, the stiffness matrix in
the global coordinate system Kmn

i was obtained. Next, Kmn
i was promoted Ki, so that the

dimension of Ki was consistent with the total stiffness matrix. Finally, the total stiffness
matrix was obtained by adding up the stiffness of all elements.

Figure 16 shows how to derive the total stiffness matrix [K] so the static model of the
deployable structure can be expressed as Equation (15):

{Q} = [K]{∆} (15)

{∆} represents the node deformation under the node load {Q}.
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Figure 16. Set of total stiffness matrices.

4.2. Iterative Strategy for Form-Finding of an Antenna Mesh Reflector

Based on the static model and Equation (15), this section proposes an antenna mesh
reflector form-finding strategy that considers the elastic deformation of the deployable
structure. Due to elastic deformation caused by cable tension, the fixed points (connecting
points between the cable and the deployable structure) position will change. Thus, the
length of cable segments will change again after form-finding. This means that the cable
tension applied to a deployable structure is not the same as that before calculation, so it
is necessary to determine the location of the fixed points after elastic deformation of the
deployable structure by iterative strategy.

First, the design parameters and physical parameters of the deployable parabolic
cylinder antenna were given, and the FEM model of the deployable structure was given
based on the construction process introduced in Section 4.1. Then, the configuration of
the mesh reflector of the antenna was given and the topology connectivity matrix C was
obtained. According to the given initial pretension of the cable segment and the initial
position of interconnecting free points (xi yi zi), we calculated the initial length of the cable
segment li to obtain the initial force density coefficient qi of each cable segment. Then, based
on the HIFDM proposed in this paper, the force density coefficient when the RMS of the
inner mesh reflector converges was obtained (convergence indicator tol = 0.001 mm) and
the tension of each cable segment after form-finding could be solved. Finally, we extracted
the tension vector {Fn} of connecting points between the cable and deployable structure,
which we introduced into the FEM model to calculate the elastic deformation ∆rn. The
updated point positions were substituted into the HIFDM to obtain the new tension vector
{Fn+1} and the elastic deformation ∆rn+1 was calculated once more. The error of two elastic
deformities of the deployable structure were compared; that is, the change of the cable
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segment tension connected with fixed points after elastic deformation of the deployable
structure was considered, and, according to the convergence index (convergence indicator
tof = 1 mm), whether to proceed to the next iteration was determined.

The form-finding analysis of the antenna reflector process was shown in Figure 17:

Figure 17. The form-finding analysis of the antenna reflector process.

4.3. Form-Finding Results Analysis

Figure 18 shows the form-finding configuration of the mesh reflector, which considered
the elastic deformation of the deployable structure.
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Figure 18. The form-finding configuration of the mesh reflector.

The red dotted line represents the configuration after form-finding and the blue
line represents the initial configuration. It can be seen from the figure that due to the
elastic deformation of the deployable structure, the position of the boundary cable and the
connection point of the deployable structure changed (such as the position of the point
shown in the scaled view). It can be concluded from the final conclusion of this paper,
the precision of the antenna mesh reflector was 8.38 mm, which means that the elastic
deformation of the deployable structure affected the shape precision of the mesh reflector.
To improve the precision of the antenna mesh reflector, the tension of the boundary cable
segment was optimized according to the optimization method in Section 3.

Figures 19 and 20 show the tension of the inner cable segments and the boundary
cable segments, respectively, while the maximum tension ratios were 1.0372 and 5.5898.
Figure 21 shows that after four iterations, the error of elastic deformation of the deployable
structure was less than 1 mm, and the algorithm converged. The results show that the
elastic deformation of the deployable structure affected the uniformity of the cable tension
of the mesh reflector.

Figure 19. The internal cable segment tension.
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Figure 20. The boundary cable segment tension.

Figure 21. Elastic deformation error.

Figure 22 shows the variation trend of the mesh reflector accuracy of the antenna
under different pretension after considering elastic deformation of the deployable structure.
It can be seen from the figure that with the increase of pretension, the elastic deformation
of the deployable structure had an increasing influence on the precision of the mesh
reflector. Therefore, the reasonable design of pretension has far-reaching consequences for
the precision of the antenna mesh reflector.
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Figure 22. The variation trend of the accuracy of the antenna reflector under different pretension.

5. Conclusions

Based on the traditional iterative FDM and with the length of the cable segment as an
iterative variable, an iterative scheme of force density coefficient was proposed to ensure
the shape precision of an antenna mesh reflector. On the one hand, the iterative method
of the force density coefficient based on length can adapt to the boundary cable segment
with uneven loading, different length, and irregular arrangement. On the other hand, the
application of the traditional iterative force density method ensures the tension uniformity
of the inner cable of the antenna reflector. Thus, the HIFDM has the potential for the
pretension design of antenna mesh reflectors. To further improve the precision of the mesh
reflector, GAs were used to optimize the tension of the boundary cable segments. The
optimization results showed that the internal tension tends to be 10 N and the tension
fluctuation of the boundary cable segment is relatively small. This means that any slight
change of tension will lead to a large fluctuation in the shape precision.

To investigate the coupling problem between the elastic deformation of a deployable
structure and the tension of cable segments, a static model of the deployable structure was
established based on FEM with an iterative strategy for form-finding of an antenna mesh
reflector. It was found that the elastic deformation of the deployable structure will reduce
the uniformity of cable tension and affect the precision of the antenna reflector. When the
pretension increases, the form-finding result of the cable net will worsen. This is because
the deployable structure has a large size and is prone to deformation under the influence
of the cable segment pretension. Therefore, the selection of mesh reflector pretension is
critical to ensure the accuracy of the antenna’s in-orbit shape surface.

Due to the complex environmental conditions in space, the accuracy of the antenna
reflector will inevitably decrease, which affects the accurate transmission of antenna signals.
Additionally, the deformation caused by stress release, fatigue damage, and other factors
will affect the accuracy of the antenna during continuous in-orbit operation. Therefore,
the in-orbit self-adjustment of the antenna reflector precision is a prime objective of future
research.
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