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Abstract: Conducting a wrinkling analysis for a membrane structure of complex boundary conditions
is quite difficult. This paper develops a numerical calculation method for completing a wrinkling
analysis of a square membrane structure and a trapezoidal membrane structure with static corner
forces. Furthermore, an experimental system for measuring the wrinkle is designed and established
to verify the correctness of the method. The difference between simulation analysis results and
experimental results is quite small for small corner forces, which means the method used for the
wrinkling analysis under small loads is effective.
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1. Introduction
1.1. Application of Solar Sails in Aerospace

The solar sail spacecraft was proposed in the 1930s. As a new type of spacecraft
independent of working substance, it attracted the attention of many countries as soon as it
appeared. Cosmos 1 is the first solar sail spacecraft planned to launch [1]. It was developed
by the Planetary Society but failed to enter orbit due to the failure of the rocket. After a
long period of research and improvement, the IKAROS project, developed by the Japan
Aerospace Exploration Agency (JAXA), was successfully launched in 2010 [2]. IKAROS
had successfully verified the solar sail spinning deployment technology and orbit attitude
control technology. Subsequently, the United States launched the NanoSail-D2, Lightsail-1,
and Lightsail-2 earth orbiting solar sail spacecraft in 2011, 2015, and 2019, respectively [3-5].
The University of Surrey also successfully carried out a solar sail mission in 2017 and
launched a 1 m inflatable mast and 10 m? drag sails in orbit [6,7]. The Deutsches Zentrum
ftir Luft-und Raumfahrt (DLR) in Germany carried out the development of the Gossamer-
1 solar sail spacecraft, but the project was terminated [8,9]. At present, the Near Earth
(NEA) Asteroid Scout mission under the joint cooperation of NASA MSFC and the Jet
Propulsion Laboratory (JPL) is in the development stage, and it plans to utilize an 86 m?
square solar sail to propel a 6U CubeSat bus on a reconnaissance flyby trajectory of a 100 m
asteroid [10]. Furthermore, JAXA also proposed a new generation of solar sail spacecraft
named “OKEANOS”, aiming at exploring a Jupiter Trojan asteroid [11]. There still are many
unsolved problems for solar sail spacecraft, but its great advantage of being independent
of working substance will make it play an important role in asteroid exploration [12],
interstellar travel [13], and so on.

1.2. Wrinkling Analysis

The solar sail structure belongs to membrane structure. At present, the theoretical
research of membrane wrinkling is mainly based on two theories: the tension field theory
and the stability theory. The tension field theory was first proposed by Wagner and used in
the buckling analysis of metal sheets [14]. The tension field theory has been developed for
many years. Many scholars have proposed many improved methods for different problems,
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such as a variable Poisson’s ratio method [15], a condensation model reduction method [16],
and a relaxed strain energy density method [17]. The tension field theory can accurately
obtain the direction and distribution area of wrinkles, but it fails to obtain information
on the out-of-plane deformations, such as the amplitude. Besides, it is only applicable to
the membrane structure with simple boundary conditions. Therefore, the tension field
theory is not particularly applicable to a membrane structure with complex boundary
conditions, such as solar sails. The stability theory holds that membrane wrinkling is a
local buckling phenomenon of a membrane, and it was also first proposed by Wagner.
Based on the stability theory, the complete shape of wrinkles can be obtained, including
direction, distribution area, shape, and quantity. However, the bending stiffness of the
membrane is very small and the buckling problem under loads has obvious nonlinear
characteristics, and so the computation is very difficult. Nonlinear buckling analysis
is a widely used numerical calculation method, at present. Many scholars have also
proposed some improved methods, such as the modal theory method [18]. There are many
studies about wrinkling analysis for different shapes of membranes, such as a rectangular
membrane [19], a square membrane [20,21], a circular membrane [22], and a triangular
membrane [20,23]. For solar sails, many scholars have also carried out specific analyses and
research. For example, Deng carried out detailed research on the wrinkling modeling of a
solar sail subjected to solar radiation pressure [24], and Tommo conducted an experimental
study on the wrinkling analysis for small solar sails [25].

2. Model and Method
2.1. Solar Sail Model

In this paper, two kinds of solar sail structures are studied: one is a quadrilateral solar
sail and the other is a hexagonal solar sail, as shown in Figure 1. The sail is fixed to the
beam by the tack line. In the prevention of the edge tearing of the sail, multi-layer hemming
is adopted, and in order to facilitate the connection between the tack line and the sail, the
metal snap ring structure is added, as shown in Figure 1d. The area of the solar sail is
generally more than 100 m?. Limited to the experimental conditions, this paper will use a
much smaller solar sail structure as the research object. For the regular quadrilateral solar
sail shown in Figure 1a, its side length is 1000 mm. For the regular hexagonal solar sail
shown in Figure 1b, its 1/6 solar sail is an isosceles trapezoidal structure with a length of
26.6 mm for AB, a length of 1000 mm for CD, and a height of 853.4 mm.

A B beam & D
sail
beam——
: tack lin
sail — 2 2 layers
body— body A
3 layers
layers
. _ \giA lay
C c metal ring

(a) (b) (©) (d)

Figure 1. Solar sail model: (a) quadrilateral solar sail; (b) hexagonal solar sail; (c) 1/6 hexagonal solar
sail; and (d) hemming and metal ring structure.

2.2. Nonlinear Buckling Analysis Method

Wrinkling analysis conducted through nonlinear buckling analysis is the only way
to obtain the configuration parameters (wavelength and amplitude). The numerical cal-
culation method of the wrinkling characteristics of membrane structures is essentially
a nonlinear finite element method to solve the static problems. The purpose is to solve
the critical load and the wrinkling shape after buckling when the structure transitions
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from stable equilibrium to unstable equilibrium, as well as the relationship between the
wrinkling shape after buckling and the load.

The nonlinear finite element equation of the static equilibrium problem based on total
Lagrange (T.L.) formulation can be expressed as [26]:

(tKLS +tKL1 +tKNL)u:t+AtQ _ tF, (1)

where u is the node displacement increment vector, {+2!Q is the node load vector at the
time of ¢ + At, the left superscript t represents the current time, ’F is he external force vector
at the time of ¢, t tK L, is the element stiffness matrix in the case of small displacement, K, ;
is the initial displacement matrix caused by the initial displacement, and Ky is the initial
stress matrix caused by the initial stress. tK Les K1 . tKnr, and ‘F can be expressed as:
t — t pT pt
Ki, =1 [y BI,D'BrydV
K, — tgT pt tgT Pt tgT Pt
Ki, =L Jy (BY,D'BL, +'BY D'By, + 'BY D'By, )dv
t

Ky = 3 [vBL!S'BNLAV
'F=Y [, BI'SdV

e

@

where D is the material constitutive matrix; {B Lo and ‘B L, are the transformation matrix
between the terms (ui,j + u]-,i) /2 and (t U illgj+ tu k,j“k,i) /2 in the linear strain with the

displacement, respectively; 'By is the transformation matrix of the nonlinear strain and

displacement; and 'S and S are the Piola-Kirchhoff stress matrix and vectors of the

second kind, respectively. The elements of the above matrix and vectors are determined as

corresponding to the configuration at the time of ¢ relative to the reference configuration.
For the problem of structural stability, the load can be expressed as:

Q=rQ ®)

where Q is the load mode and p is the load amplitude. Determining the critical load of
the structure finds the critical value when the tangent stiffness matrix of the geometric
nonlinear equation of the structure becomes singular. For the T.L. format, it solves the
following eigenvalue problem:

K¢ =0, 4)

where 'K = “K; + Ky, + "Kyr and the left superscript T represents the time of the
critical load p;.

When using nonlinear buckling analysis, the stiffness matrix of the structure is a
nonlinear function of the load amplitude p and displacement vector u, which represents a
nonlinear eigenvalue problem. By solving the linear eigenvalue equation, the wrinkling
shape of the membrane after buckling can be obtained.

We trace along the load-balance path to determine the adjacent interval of the solution.
For the convergent solution ™!y and +2!S corresponding to each incremental step, we
can calculate K. If there exists the following inequality:

det('K) > 0 & det("*'K) <0, ()
then it means that at some time 7 in the time interval (t, t + At), there is
det(*K) = 0. (6)

That is, 'K is singular. The point corresponding to the time 7 on the equilibrium
path is the critical point of equilibrium transition from stability to instability, and the load
corresponding to that time is the critical load of buckling.
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At the end of each incremental step, in order to prepare for the iterative calculation of
the next step, it is usually necessary to carry out triangular decomposition for K, as follows:

t+AtK —_ LDLT (7)

where LT is the upper triangular matrix with a diagonal element of 1 and D is a diagonal
matrix with the diagonal elements d;; (i = 1,2, - - - , n). Therefore

det(f+Af1<) = det(D) = ll[dl-i. ®)
i=1

Assuming that all d;; from ‘K are positive and only one d;; from ‘+4!K is negative, it
will be expressed as a linear interpolation of ‘K and ‘4K, as follows:

ter —t
TK = K L(tJrAtK_tK). 9
+ A7 ©)

By substituting the above equation into characteristic Equation (6), the characteristic
equation of nonlinear buckling analysis can be expressed as:

[fK 4 /\(f+Af1< - fK) } ¢ =0, (10)

where A = (fo; —t)/At. By solving Equation (10), a series of eigenvalues A; and corre-
sponding characteristic displacement modes ¢; can be obtained. At the same time, there are
multiple eigenvalues and characteristic displacement modes that correspond to t.,, which
is the result of buckling. If t represents the load level, the corresponding load amplitude is
the critical value p,, of the nonlinear stability of the structure. Equation (10) is solved by
the arc length method in ABAQUS.

There are five steps in wrinkling analysis using the nonlinear buckling analysis method:

1.  Establish the finite element model. In the simulation analysis software, a shell element
is usually applied to simulate the membrane element.

2. Introduce the prestress. Although the shell element has a certain out-of-plane stiffness,
due to small thickness of the membrane, the out-of-plane stiffness is very small, and
so it is necessary to introduce the prestress to improve the out-of-plane stiffness to
meet the requirements of the nonlinear buckling analysis.

3. Introduce the initial imperfection. The purpose of introducing an initial imperfection
is to solve the problem of the singularity of the stiffness matrix in post-buckling
analysis. The generation and evolution of wrinkles can be simulated after introducing
an initial imperfection. It is hard to get large-scale solar sails” buckling modes, so we
propose the direct perturbation method by applying a small force to the membrane to
introduce the initial imperfection. In order to achieve a good convergence, the force
should be as small as possible.

4. The arc length method is adopted for the post-buckling analysis. When it does not
converge, the load step parameters and the initial imperfection should be adjusted.

5. Post-processing is applied to analyze the influence of the concentrated tensile force on
the wrinkles.

3. Numerical Simulation
3.1. Square Membrane

The software used for the simulation analysis is ABAQUS. According to the symmetry,
a quarter of the model can be established for simulation analysis. The established finite
element model is shown in Figure 2b and uses an S4R shell element. The boundary
conditions are obtained according to symmetry. The translational freedom in the direction
of the x-axis and the rotational freedom around the y-axis and the z-axis of the left boundary
is restricted. The translational freedom in the direction of the y-axis and the rotational
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freedom around the x-axis and the z-axis of the bottom boundary is restricted. In order
to avoid stress concentration, the corner of the membrane is treated as a 10 mm wide
boundary and a uniformly distributed load is applied.

(b)

Figure 2. Loading diagram and finite element model of a square membrane’s wrinkling analysis:
(a) loading diagram; and (b) finite element model.

The material of the membrane is polyimide with a thickness of 50 um. The specific
material parameters are shown in Table 1.

Table 1. Material parameters of membrane.

Material Elastic Modulus Poisson’s Ratio Density

polyimide 5 Gpa 0.37 1330 kg/m3

In Figure 3, a wrinkling shape obtained by simulation analysis is shown wherein
F; = 1 N is kept unchanged and the value of F, is gradually increased, and where U3
represents the z-axial displacement in millimeters. This suits for all following figures, and
when F, = 5 N, the maximum amplitude of the wrinkle is 5.08 mm, and when F, = 10 N,
the maximum amplitude of the wrinkle is 11.5 mm.

(b)

Figure 3. Simulation analysis results of the wrinkling shape (F; unchanged): (a) F; = 1N and
F,=5N;and (b)) ; =1Nand F, =10N.

The wrinkling shape obtained by simulation analysis when F,/ F; is kept unchanged
is shown in Figure 4. When F; = 1N and F, = 5N, the maximum amplitude of the
wrinkle is 5.08 mm. When F, = 2 N and F, = 10 N, the maximum amplitude of the wrinkle
is 10.96 mm.
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U, u3

(@) (b)

Figure 4. Simulation analysis results of the wrinkling shape (F,/F; unchanged): (a) F; = 1 N and
FLb=5N;and(b)F, =2Nand F, =10 N.

3.2. Trapezoidal Membrane

The simulation model as shown in Figure 5b is established by using an S4R shell
element. The boundary condition is that the two corners of the upper edges are fixedly
supported, and the two corners on the lower edges have applied force and their out-of-plane
displacement is limited, as shown in Figure 5a.

Figure 5. Loading diagram and finite element model of a trapezoidal membrane’s wrinkling analysis:
(a) loading diagram; and (b) finite element model.

Under the condition of maintaining a7 = a; = 30° and gradually increasing the force
to 5 N and 10 N, the wrinkle’s shape can be obtained as shown in Figure 6. The results
show that when the force increases, the wrinkling shape does not change significantly,
but the wrinkling amplitude changes significantly. When F; = F, = 5N, the maximum
amplitude of the wrinkle is 0.90 mm, and when F; = F, = 10 N, the maximum amplitude
of the wrinkle is 1.25 mm.

(a) (b)

Figure 6. Simulation analysis results of the wrinkling shape when increasing the force (x; = ay = 30°):
(@Ff =FKE=5N;and(b)F; = F, =10N.

Under the condition of maintaining F; = F, = 10 N and changing the force direction,
the wrinkling shape obtained by simulation analysis is shown in Figure 7. The results
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show that when the force direction is changed from a; = ay = 30° to 1 = ay = 35°, the
wrinkling shape changes obviously, and the wrinkling amplitude also changes to, a certain
extent, from 1.25 mm to 1.74 mm.

(@)

Figure 7. Simulation analysis results of the wrinkling shape when changing the force direction.
(a) a1 = ap = 30°. (b) a1 = ap = 35°.

4. Experimental Result and Analysis
4.1. Design of the Experiment

A test system for measuring the wrinkling of a membrane structure as shown in
Figure 8 is established. The test system mainly includes a test piece system, a photogramme-
try system, a laser scanning system, a computer, software, and the corresponding hardware.

Test piece system Test piece system

A

laser scanner

laser scanner

CCD camera CCD camera

computer computer

Laser scanning system Photogammetric system Laser scanning system Photogrammetric system

(a) (b)

Figure 8. Schematic diagram of the wrinkling measurement system: (a) square membrane; and
(b) trapezoidal membrane.

The test piece system is composed of a membrane, frame, cable, pulley, and sliding
guide, as shown in Figure 9. The function of the test piece system is to stretch the membrane
so that it can wrinkle. Meanwhile, the force direction is in the plane where the membrane
is located, and the value and direction of the corner force can be adjusted. The specific
function realization mode is: the membrane is stretched through the frame and cable, and
the frame and pulley can ensure that the force direction is in the plane where the membrane
is located. The force direction of the diagonal point is controlled by moving the pulley and
guide rail, and the value of the force is controlled by increasing or decreasing the weight.

The photogrammetry system is a single-camera photogrammetry system. Based on
digital close-up photogrammetry technology, the system can realize the high-precision
measurement of the three-dimensional coordinates of objects pasted with landmarks. The
photogrammetric system is mainly composed of a CCD camera, landmarks, a datum
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orientation ruler, and image processing software, as shown in Figure 10. Its technical index

is shown in Table 2.

frame
sliding guide
pulley.

membrine e HER

cable
| —— |
S EE——
(a)

(b)

Figure 9. Test piece system: (a) square membrane; and (b) trapezoidal membrane.

(b) (o)

Figure 10. Composition of the photogrammetry system: (a) CCD camera; (b) datum orientation ruler;

and (c) landmark.

Table 2. Technical index of the photogrammetry system.

Deformation

. Spatial Measurement .
Resolution Accuracy Measurement Accuracy Field Angle
16 m 0.020 mm (<4 m) 0.01 mm 84°

The laser scanning system is a portable three-dimensional laser scanning system. Com-
bined with the photogrammetry system, the system can realize the high-precision scanning
of the measured object under the global control of the global precision control network
established by the photogrammetry system. The laser scanning system mainly includes a
portable laser scanner, an online cable, a calibration board, measurement accessories, and
software, as shown in Figure 11. Its technical index is shown in Table 3. Due to the limit of
the measurement rate, this system is only suitable for measuring the static deformation of

the structure.

(b)

Figure 11. Composition of the laser scanning system: (a) portable laser scanner; and (b) measure-

ment accessories.
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Table 3. Technical index of the laser scanning system.

Measurement Rate Single Scanning Minimum Int.erval Accuracy
Area between Points
480,000 points/s 275 x 250 mm 0.03 mm 0.02 mm

The specific experimental process is as follows:

1.  Make a membrane of corresponding size and spray the imaging agent on one side to
increase the reflection rate;

2. Install the membrane on the test piece system and adjust the weight or adjust the po-
sition of the pulley to make the value and direction of the force meet the requirements
of the experimental working conditions;

3. Use the CCD camera to take multiple photos of the experimental piece system from
different angles;

4. Import the photos into the image processing software to calibrate the coordinate
system of the measurement system;

5. Use the portable laser scanner to scan the membrane to obtain the scanning results;

6.  Repeat steps 2 to 5 until the measurements of all working conditions are completed.

4.2. Result and Analysis

The maximum amplitude of a membrane wrinkle is the most intuitive index. Therefore,
the correctness of the wrinkling analysis method is verified by comparing the experimental
measurement results and simulation analysis results under different working conditions.
The error # between the experimental measurement results and the simulation analysis

results is expressed by
Us — Ut

n= x 100%, (11)

Ot
where, v; is the maximum amplitude of the wrinkle obtained by the simulation and v; is
the maximum amplitude of the wrinkle measured by the experiment.

4.2.1. Square Membrane

Various forms of wrinkles under different diagonal forces were measured. The longi-
tudinal diagonal force is F;, and the transverse diagonal force is F,, as shown in Figure 12.

Figure 12. Schematic diagram of the diagonal force in the square membrane experiment.

We kept F; unchanged and gradually increased the value of F,. The wrinkling shape
measured by the experimental system is shown in Figure 13. It can be seen from the results
that the transverse wrinkles became increasingly obvious until they ran through the whole
membrane, and the wrinkling amplitude grew.
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(a) (b) (0) (d)

Figure 13. Experimental results of the wrinkling shape for the square membrane (F; unchanged):
(@F =1Nand /, =1N;(b)F; =1Nand F, =2N;(¢c) Ff =1Nand /, =5N;and (d) F; = 1N
and /, = 10N.

The variation of the maximum amplitude of the wrinkle is shown in Figure 14. When
F, = 5N, the maximum amplitude is 4.73 mm and the error is 7.4%, compared to 5.08 mm
in the simulation analysis results. When F, = 10 N, the maximum amplitude is 7.61 mm,
and the error is 51% compared to 11.5 mm in the simulation analysis results.

8

(2] ~
T T

o
T

w
T

maximum amplitude of the wrinkle/mm
N B

iy
T

o

F/N

Figure 14. Experimental results of the maximum amplitude of the wrinkle for the square membrane
(F; unchanged).

We kept F,/F; unchanged and increased the value of F; and F,. The wrinkling shape
measured by the experimental system is shown in Figure 15. It can be seen from the
results that the wrinkling shape is basically the same under the same condition, but with
the increase in force, the wrinkling amplitude increased significantly. When F; = 1N
and F, = 5N, the maximum amplitude of the wrinkle is 4.73 mm, and the error is 7.4%
compared to 5.08 mm in the simulation analysis results. When F, =2 N and F, = 10 N, the
maximum amplitude of the wrinkle is 6.64 mm, and the error is 65% compared to 10.96 mm
in the simulation analysis results.

In comparing the simulation analysis results with the experimental results, it can be
found that when the force is small, the error between the simulation analysis results and
the experimental results is small, but when the force becomes great enough, the error is
relatively large. There are two reasons. On the one hand, in the simulation analysis, when
the force is large, such as 10 N, it can be clearly seen that the calculation result is difficult
to converge, and the obvious buckling phenomenon also occurs in the four sides of the
membrane. Therefore, the nonlinearity of the whole calculation is greatly enhanced, and
the calculation accuracy of the result is thus significantly affected. On the other hand, the
square membrane test piece is cut by hand, which has certain defects, and thus it is not
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completely symmetrical. When the force becomes great, the defects of the membrane are
amplified, resulting in the increase in the error of the measurement results.

(@ F=IN, F,=5N  (b) F,=2N, F,=10N

Figure 15. Experimental results of the wrinkling shape for the square membrane(F, /F; unchanged):
(@Ff=1Nand F, =5N;and (b) F =2Nand F, = 10 N.

4.2.2. Trapezoidal Membrane

The effects of the different forces on the wrinkle were measured. The values of the
forces were F; and F, respectively, and the directions were a1 and a5 respectively, as shown
in Figure 16.

Figure 16. Schematic diagram of the forces in the trapezoidal membrane experiment.

We kept 1 = ap = 30° unchanged and increased the value of F; and F,. The wrinkling
shape measured by the experiment system is shown in Figure 17. It can be seen from the
results that when the force direction is unchanged, by increasing F; and F,, the membrane
will gradually wrinkle. When the force is small, the membrane is not fully stretched,
and the external environment is easy to affect the membrane during the measurement
process. Therefore, the measurement results are not referential. When the tension is 5 N,
the maximum amplitude of the wrinkle is 0.87 mm, and the error is 3.4% compared to
0.90 mm in the simulation analysis results. When the force is 10 N, the maximum amplitude
of the wrinkle is 0.99 mm, and the error is 26.3% compared to 1.25 mm in the simulation
analysis results.
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(@) (b) (©) (d)

Figure 17. Experimental results of the wrinkling shape for the trapezoidal membrane (a; = ap = 30°
unchanged): (@) F; =K =1N;(b)F; =F, =2N;(c) F; =F =5N;and (d) F; = F, =10N.

We kept F; = F, = 10 N unchanged and changed a1 and a;. The wrinkling shape
measured by the experiment system is shown in Figure 18. It can be seen from the results
that the amplitude and shape of the wrinkle change with the direction of the force.

(b) (©) (d)

Figure 18. Experimental results of the wrinkling shape for the trapezoidal membrane (F; = F, = 10N
unchanged): (a) a1 = ap = 30°; (b) #1 = ap = 35°%; (c) a1 = ap = 40°%; and (d) a; = ap = 45°.

The variation of the maximum amplitude of the wrinkle with the direction of the force
is shown in Figure 19. When a7 = ap = 35°, the maximum amplitude of the wrinkle is
1.24 mm, and the error is 40% compared to 1.74 mm in the simulation analysis results. With
the increase in a,the force direction gradually approaches the edge of the membrane, and so
the membrane is more prone to buckling and forming wrinkles, resulting in the increase in
amplitude. However, since the edge hemming of the membrane adopts a manual viscose,
when a7 = ay = 45°, the force direction is too close to the edge and the wrinkle is affected
by the edge hemming, and so the wrinkling amplitude does not continue to increase, but
decreases instead.

In comparing the simulation analysis results with the experimental results, it can be
found that when the force direction is unchanged and force is relatively small, the error
between the simulation calculation results and the experimental results is very small, but
when the force is relatively large, the error will be large, which is caused by the error in
the manufacturing process of the trapezoidal membrane test piece. The error includes the
incomplete symmetry of the structure. When the force is relatively large, the asymmetry of
the structure is amplified, resulting in large errors in the experimental results. On the other
hand, when the force is constant and force direction deviates farther from the angle bisector,
it also leads to an increase in the error between the simulation calculation results and the
experimental results, which is also caused by the error in the manufacturing process of the
trapezoidal film test piece. The error includes the incomplete symmetry of the structure,
the membrane irregularity, and the local stress caused by the error of manual hemming.
When the force direction is gradually closer to the edge, the asymmetry of the structure is
amplified, and the uneven membrane surface and local stress of the edging will also affect
the measurement results, resulting in errors in the experimental results.
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¥
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maximum amplitude of the wrinkle/mm
o o
= ©

o
N}
T

35 40

a’®
Figure 19. Experimental results of the maximum amplitude of the wrinkle for the trapezoidal
membrane (F; = F, = 10 N unchanged).

5. Conclusions

In order to verify the correctness of the wrinkling analysis method, this paper designs
and develops a wrinkling measurement system and carries out wrinkling measurement
experiments on square and trapezoidal solar sails. In the square membrane test, when
Fi =1Nand F, = 5N, the error between the simulation analysis results and the experi-
mental results is only 7.4%, and in the trapezoidal film test, when &1 = ap = 30°, and the
force is 5 N, the error between the simulation analysis results and the test measurement
results is only 3.4%, which verifies the correctness of the wrinkling analysis method and the
simulation results. For other test conditions, the error between the simulation analysis re-
sults and the experimental results is relatively large. The main reason is that there are many
errors in the manufacturing process of the solar sail membrane test piece, including the
incomplete symmetry of the structure, the local stress, and the uneven membrane surface
of the manual cutting and hemming, as well as the defects of the test piece itself. When the
force is large, these errors are amplified, resulting in large errors in the experimental results.
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