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Abstract: This paper proposes a self-deploying membrane sunshield structure to satisfy the requirements of
lightweight, easy unfolding with high expansion ratio, and not requiring the driving power. Four equal length tape
springs are used to unfold the Kapton membrane folded with leaf-in and circumferential and the folding ratio is
calculated. In order to prevent the problems of hook and damage during the unfolding process, stress and trajectories
of the membrane as well as the tape spring modal distribution of the skeleton are analyzed. Finally, a test prototype
completes to verify the feasibility of the designment. The results show that by applying the tape springs as the driving
method, the membrane unfolding process is smooth, and the membrane will not be damaged. The maximum stress at

the membrane crease is about 42.3 MPa which is lower than the allowable stress of the material and the folding ratio
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reaches 69.4.
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0 Introduction

Sunshield structures, including sun shade, lens
hood, visor, etc., are widely used in many typical
space optical structures to shield internal opto-me-
chanical structures from external heat flow and
space stray light from outer space''’. It can improve
the accuracy of the detection or observation system
by maintaining a stable low-temperature working en-
vironment.

The geometry of the sunshield structure affects
the temperature distribution and stray light level sig-
nificantly by inhibiting the external heat f{lux and
stray light entering into the optical structures'”.
With the increasing demands of deep space and
earth observation, the development of large-aper-
ture high-resolution optical system, and the enve-
lope size limitation and launch cost control of carrier
rocket fairing, the characteristics of large size, light

weight, high storage ratio and high reliability are re-
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quired for space shading structure. For different ap-
plication scenarios, there are different correspond-
ing shading structures with diverse expansion drive
methods, shape and size. The regular expansion

[3]

drive methods include inflatable expansion™ , motor

[3-4]

driven expansion”" , shape memory effect expan-

sion and elastic expansion'”’. The typical expansion

! and

shapes are cylindrical*’ , conical™’, planar”
beveled cylinder”. The starshade sunshield is a
large planar structure that uses motor-driven cables
for deployment'*’. The primordial inflation explorer
uses elastic deployment, with a deployment struc-
ture consisting of four layers'®. The sunshield for
the X-ray telescope is cylindrical in shape, with a de-
ployment height of up to 24 meters and driven by ex-
tension arms'’’. The cone-shaped sunshield for the
Atlas 'V 400 vehicle is deployed using an inflation

method'®, as shown in Fig.1.

Membrane structures are widely used in large
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(a) Deployed sunflower
configuration

(b) Primordial inflation

g explorer”

(¢) Thermal shield on the Atlas
V 400 vehicle™

(d) International X-ray
observatory"”

Fig.1 Different kinds of sunshield structures

space deployable structures because of their light
weight and high folding ratio. The James Webb
Telescope, launched in late 2021, applies a large
four-layer thin membrane shade whose deploying
size is 21.197 m>x14.625 m'*". It reduces the cold
surface temperature to 30 K successfully without the
help of refrigeration.

The membrane structure is prone to twist or
tear, and these characteristics make the unfolding
process difficult to control”” or even make the whole
mission failure. Therefore, the unfolding of mem-
brane shading structure should be orderly and con-
trollable. Using complete paper, origami only forms
various space shapes by folding and bending. The
most typical character of origami structure is that
the process of unfolding is smooth and orderly, and
the stress is only concentrated in the crease posi-
tion, which is suitable for the needs of large mem-
brane unfolding and storage. The trajectory and
stress concentration of the membrane during the un-
folding process can be simulated through the CAE
software at the design stage. Many scholars have car-
ried out research on origami model. Meloni et al.'"”
summarized the latest applications in major origami-
based engineering fields and discussed the challeng-
es and limitations of current design processes and
computational tools. According to the results of sim-

1.""" established deploy-

ulation analysis, Lin et a
ment performance evaluation system. Liyanage
et al.""” put forward how can overcome the adverse

effects caused by the membrane thickness while

achieving a compact folding state.

At present, the inflation-driven deployment
and the motor-driven deployment are main driving
modes of space deployment structures. The infla-
tion-driven expansion needs to carry extra gas and
air pump which may cause the risk of air leakage.
The motor-driven needs more additional structures
and higher circuit reliability requirements. Tape
spring is a single layer of open cylindrical shell struc-
ture which mainly used in measuring length of steel
tape. Many institutions tend to apply tape springs in
space structures such as deployable antenna'**', de-
ployable wind panel'™ , deployable sunshield ™,
and space deployable telescope''®’ due to its charac-
teristics of light weight, compact storage, no exter-
nal force driving, fast expansion speed and maintain-
ing locked by relying on its own stiffness. In recent
years, carbon fiber, glass fiber and other composite
tape springs " are gradually developed according to
the demand.

Combined low stress origami structure with
self-expanding and self-locking tape spring, an in-
plane self-expanding large-storage-ratio lightweight
membrane sunshade can be designed. Compared
with existing deployable sunshade structures, this
design does not require an additional driving mecha-
nism, and its deployment not only is reliable and
lightweight, but also has a larger storage ratio.
Through the finite element simulation of the deploy-
ment process of the membrane, the motion trajecto-
ry of the membrane, the stress variation and the
modal distribution of the unfolding skeleton are mon-
itored, and a scaled prototype is made to verify the

physical model.

1 Structure Design

1.1 Design scheme

Since the membrane is folded around the cen-
trosome in the receiving state, the folded state of
the tape spring is compatible with the folded mode
of the membrane. Thus, an efficient membrane-can-
tilever composite structure is formed. The structure
is a regular quadrilateral plane, mainly composed of

four equal length tape spring skeletons, tape spring
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storage box, membrane storage box and Kapton
membrane. Fig.2 shows the overall design configu-
ration of the shading structure. The tape spring stor-
age box and the membrane storage box share the
same mounting surface, and the end of the tape
spring is fixed with the four corners of the mem-
brane. After unlocking, the membrane is unfolded
from four corners by the self-unfolding characteristic
of the tape spring and maintained by the self-locking
property of the tape spring after the unfolding pro-

cess 1s completed.
Tape spring

Membrane

Tape spring storage box /
membrane storage box

Fig.2 Overall structure diagram of sunshield structures

1.2 Membrane folding method

To minimize the folding model, the folded
parts need to overlap as much as possible. There-
fore, a regular polygon with center symmetry is
the best choice. Leaf-in folded structure is inspired
by the leaf of beech tree in nature''’. “ILeaf-in”
means that the tips of the leaves meet at a certain
point (point A). As shown in Fig.3, the solid
black line is the mountain fold and the dashed
black line is the valley fold. The gray part is one of

the “leaves”.In Fig.3, O is the center of the circle,

Fig.3 Leafin pattern

the regular quadrilateral is divided into n parts (n=
4), the fold angle =45, the number of layers s=
6, and the height of each layer is 4. The relationship

between a and #n is as follows

It is worth mentioning that, it will produce an
infinitely long surface and all the “leaves” contin-
ue side by side in a straight line when n—> oo,
This is known as the Miura’ s folded configura-
tion'".

The sunshield membrane structure is a regular
quadrilateral plane before folding. The regular quad-
rilateral membrane is folded into a center symmetric
configuration by means of in-leaf folding, and then
the folded structure is coiled around the centro-

Some[zol

, as shown in Fig.4.

(b) Folding process 20%

—

(a) Unfolded paper

(¢) Folding process 80%

(d) Folding completion

Fig.4 Square module with leaf-in and circumferential folding

1.3 Tape spring frame

The tape spring skeleton structure is illustrated
in Fig.5, which is composed of a central rotor, a
storage box, four tape springs and four free-end re-
striction blocks. Four tape springs are uniformly
fixed on the central rotor along the tangent direction
and regularly coiled around the central rotor in the
storage state. The tape spring skeleton then expands
outward from the four corners by the self-unfolding
property of the tape spring after unlocking and can

keep locked after fully deployed.
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Free end limit

Tape spring storage box

Fig.5 Schematic diagram of tape spring frame

1.4 Calculation of folding ratio

The folding ratio is an important parameter to
evaluate the performance of deployable structures.
Because the storage box height of the protective
membrane structure is fixed, it is not considered
when calculating. Only the in-plane storage ratio A is
considered, shown as
__ S
el

where S, is the membrane area after fully expanded,

A (2)

and S, the membrane before commencement of the
initial area. From the geometric structure in Fig.3,

we can get that

Si=(2+hes ) (3)
So=(2:h) (4)
So, the folding ratio is
Si
A=—=5 5
5, ! (5)

It can be seen that the folding ratio of the fold-
ing method is only related to the number of folded
layers. Theoretically speaking, when the unfolding
area is fixed, the more the folding layers are, the
higher the folding ratio is and the higher the storage
efficiency is.

In practice, a minimum folding ratio of the
membrane should be reserved according to its
thickness considering the stress of the membrane.
When the multilayer membrane is wound, the in-
ner membrane will be wrinkled due to the different
winding radius of the inner and outer layers,
which further affects the storage size and causes
the actual folding ratio to be smaller than the theo-
retical value. At present, scholars have optimized
the shape and position of creases to reduce the in-
fluence of wrinkle'*"".

If each fold is calculated according to the thick-
est position, it can be known that the theoretical val-

ue of unilateral thickness increase is

d'=
Zr{ L STz 1)]} s=2+1
2r’{

2
LS 20) =2
5 1213 i §=2j

(6)
where 7' is the minimum folding radius of the mem-
brane, which is related to the thickness of the mem-
brane. The storage ratio after winding is

S (2:hes )?

—i_ ) @)
So (2:h+2d')

2 Simulation of Shading Structure

2.1 Membrane deployment simulation

The MATLARB program is used to control the
whole folding process. The coordinates of all nodes
(*Node) and the number of each element (*Ele-
ment) are automatically generated, which are writ-

“«

ten into the “.INP” file according to the prescribed
format, and then are imported into ABAQUS to get
the folded model. The size of whole model is 1 m X
1 m, containing 14 841 nodes and 14 700 elements.
The S4R element type is used to analyze the unfold-
ing of the folded and coiled membrane, and the U1,
U2, URI and UR2 degrees of freedom of the bot-
tom surface are constrained. The contact type is gen-
eral. Since the four tape springs unfold synchronous-
ly, they exert the same driving effect on the four cor-
ners of the membrane, so the displacement load of
the same size is applied to the four corners. The
main material properties used in the analysis are giv-
en in Table 1.

Table 1 Material properties

Material property Value
Elastic modulus / (N *mm *) 5200
Poisson’s ratio 0.38
Density / (kg+m *) 1390

The unfolding process and stress distribution
are calculated using the Abaqus/Explicit solver, as
shown in Fig.6. It can be seen that the unfolding pro-

cess of leaf-in folding combined with surround fold-
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Fig.6 Membrane finite element analysis of unfolding pro-

cess

ing 1s smooth and orderly, and the stress mainly
concentrates on the crease position and the stress
points at the four corners. The maximum stress at
the crease 1s about 42.3 MPa, and the maximum
stress at the crease 1s about 80 MPa, which com-
pared to the allowable stress of the material (the al-
lowable stress of the base Kapton membrane is
more than 100 MPa) with the risk of tearing. In
practical application, the strength and service life of
the membrane can be improved by setting stress un-
loading device at four corners and local strengthen-

ing at the crease position.
2.2 Simulation of tape spring expansion

When analyzing the self-expansion of the tape
spring, the storage box is set as a rigid body and
fixed for the convenience of calculation. Fig.7 ex-

plains the whole process of loading and unlocking.

The degrees of freedom of the central rotor in U1,
U2, U3, URIL and UR3 directions are con-
strained. In Step-1, a rotational load is applied in
UR2 direction to coil the tape spring around the
central rotor, and this load is deactivated in Step-
2. It can be seen from Fig.7 that there is an inertial
which will

cause a small elastic deformation and certain vibra-

impact along the unfolding direction,

tion of the tape spring, especially when it expands

to the limit position.

/\.<

(a) Step-1 step time O s

>

(b) Step-1 step time 0.15 s

aC

(c) Step-1 step time 0.3 s

<

(e) Step-2 step time 0.2 s (f) Step-2 step time 0.23 s

P

(g) Step-2 step time 0.25 s (h) Step-2 step time 0.26 s
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SNEG (Fraction =—1.0)
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(d) Step-1 step time 0.5 s/
Step-2 step time 0 s

Fig.7 Tape spring finite element analysis of unfolding pro-

cess

2.3 Modal analysis of tape spring skeleton

For modal analysis of the expanded skeleton,
the tape spring storage box is regarded as a rigid
body, and the degrees of freedom in all directions
namely Ul=U2=U3=URI1=
UR2=UR3=0. The linear perturbation analysis

are constrained,

step 1s adopted, and the type is set as frequency.
The modal shapes of the first six orders of output
are shown in Fig.8.

According to the displacement cloud diagram

of the first six modals, it can be seen that the end of
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X

(b) The second-order mode shape
(2.211 3Hz)

><

(d) The forth-order mode shape
(2.211 3 Hz)

P

(f) The sixth-order mode shape
(6.975 2 Hz)

X

(a) The first-order mode shape
(2.211 3 Hz)

X

(c) The thrid-order mode shape
(2.211 3 Hz)

X

(e) The fifth-order mode shape
(6.975 2 Hz)

Fig.8 The first six modes of the tape spring measure

the tape spring produces a large displacement, and
with the increase of the natural frequency, the mid-
dle of the tape spring will appear a large elastic de-

formation.

3 Physical Model

According to the design parameters of the de-
ployable shading structure, the 3D printing technol-
ogy is used to make the physical model of this de-
sign. Four tape springs with a length of 70 cm are
used as the unfolding skeleton, and the end of the
tape spring is fixed with the four corners of the un-
folding membrane. The size of the unfolding mem~-
brane is 1 mX1 m. Fig.9 shows a schematic dia-

gram of the folded state.

(a) Folding state side view  (b) Folding state top view

Fig.9 Schematic diagram of folded state

In order to prevent the four corners of the mem-
brane from tearing, a stress unloading ring structure

(Fig.10) is added at the four corners of the mem-

Fig.10  Stress unloading ring

brane.
The limit of the fixed tape spring is removed,
and the mechanism is unlocked. The unfolding pro-

cess is shown in Fig.11.

(f) Expand 100%
Fig.11 Unfolding process of sunshield structure

(e) Expand 80%

It can be seen that the membrane expands with
the action of the tape spring extending outwardly,
which is basically consistent with the simulation re-
sults, the plane shape is maintained after the unfold-
ing is completed, and no winding or tearing phe-
nomenon occurs during the process.

Measurement of dimensions in both post-expan-
sion and pre-expansion states. Before folding, the
membrane is a square with a side length of approxi-
mately 1 m and an area of about 1 m*. When folded,
the membrane is about a square with a side length of
0.12 m and an area of about 0.014 4 m®. After calcu-

lation, the storage ratio is about 69.4.
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4 Conclusions

A plane deployable sunshade structure is de-
signed by combining a low-stress origami model
with a self-unfolding tape spring mechanism. It can
not only meet the shading requirements of the opti-
cal system, but also expand reliably and occupy less
space when folding. The self-weight of the tape
spring and membrane design can also meet the re-
quirements of lightweight, which can greatly save
the emission cost.

(1) The simulation results show that the un-
folding process is orderly and controllable, and the
stress level is low.

(2) The expansion of the tape spring will be ac-
companied by a certain impact. According to the de-
formation results and expansion tests, the impact
force will have a certain impact on the membrane,
but will not lead to damage or rupture of the mem-
brane. The crease position and the four corners can
be strengthened to improve the strength of the mem-
brane.

(3) In engineering applications, it also needs to
consider the locking and unlocking method. And if
want to further reduce the storage volume and
achieve a greater storage ratio, it can do so by opti-
mizing the location of the folds, reducing the folding

thickness, and minimizing the creases during winding.
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