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Abstract: Origami-based membrane structures have shown great potential to revolutionize the
construction of deployable and lightweight space structures in the future. However, the efficient
unfolding mechanism puts forward major challenges to the practical realization of space-deployable
structures. Here, a smart grid-reinforced membrane origami (SGRMO) is presented. The unfolding
action hinges upon the application of forces facilitated by shape memory polymer composites (SM-
PCs). Subsequent locking action ensues through the restoration of the initial rigidity, accomplished
via cooling mechanisms. This novel structure achieves the required lightweight and functionality by
employing the grid design concept and effectively reduces the decline in unfolding extent caused
by irreversible plastic deformation at the crease. Its recovery properties, including unfolding angle,
distance, and surface precision, are experimentally and analytically investigated under different
conditions. The results indicate that the structure can be reliably unfolded into the predefined shapes.
In the case of Miura-SGRMO, the optimal surface precision is attained when the angle-\ registers at
30°. The results of this study are expected to serve as the design of ultra-large flexible solar arrays
and deployable antenna structures.

Keywords: origami; membrane structures; shape memory polymer composites; grid structure;
recovery properties

1. Introduction

Owing to its inherent portability [1,2], scalability [3,4], and potential for miniatur-
ization [5-7], origami technology has garnered significant attention within the context of
configuring spaceborne membrane structures [8], as evidenced by its application in the
design of deployable large-aperture membrane antennas [9], solar sails [10], and off-orbit
drag sails [11]. The accomplishment of these applications hinges upon the unfolding strate-
gies, ensuring both the efficient and precise deployment of the structure to its intended
position and maintaining the imperative facet of structural lightness.

In the present landscape, space-deployable membrane structures are based on mechan-
ical deployment [12,13], inflatable deployment [14], and elastic deployment [15]. These
deployment methods are susceptible to constraints such as complexity, mechanical failures,
and limitations related to weight and volume. In recent years, self-folding /unfolding struc-
tures and smart materials have been increasingly used in engineering applications [16-20].
Notably, the utilization of smart materials as the primary driving mechanism emerges
as a transformative approach. Shape memory aromatic polyimides [21-23] are a kind of
smart membrane structure that can be automatically deployed under given conditions.
The membrane is completely covered with shape memory polymer. This not only in-
creases the process cost but also fails to strike a balance between lightweight design and
functionality. Inspired by the advanced grid structure [24,25] and variable configuration
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mesh structure [26-28] in terms of structural lightweight, load-bearing, and functional-
ity, several researchers have employed grid structures to achieve improved control over
the load-bearing capacity [29,30] and deformation behavior [31] of membrane structures
with the advantage of adopting the idea of the discrete actuation of membranes. In a few
studies, the shape memory material is applied only at the crease to drive the membrane
structure to unfold [32-34], which improves the efficiency of structural development, but
the configuration of the structure is not stable due to the weak stiffness of the membrane
panel. It is difficult to use as a load-bearing structure. SMPCs have excellent mechanical
properties [35-37], and they not only have shape memory function [38,39] but also have
high stiffness [40] after cooling. The application of SMPCs at the crease and the panel may
take into account the functionality and stability of the deployable structure.

Here, we propose a novel self-unfolding structure, named SGRMO. The structure
consists of the membrane structure with a smart grid. The smart grid is bonded with
membrane panel and across the crease, which can realize the expansion of structure by
driving the crease open and further improve the panel stiffness. We apply this design idea to
one-dimensional and Miura origami, which can be folded and self-unfolded. This research
has the potential to provide new ideas for the design of space structures in the future.

2. Materials and Method

All chemicals were of analytical grade and purchased from commercial suppliers.
There was no need for further purification.

2.1. Materials and Ratios

Shape memory polymer (SMP) was prepared through the modification of E-51 epoxy
resin with the incorporation of n-octylamine (OA) and m-xylenolamine (MXDA). Further,
SMP and aramid fiber were compounded to form SMPCs. The main products are provided
in Table 1. The chemical structural formulas of the main products are listed in Figure 1.

Table 1. Product and manufacturer.

Product Manufacturer (of a Product)

E-51 epoxy resin Shandong Yousuo Chemical Co., LTD, Linyi, China
OA Shanghai Aladdin Bio-Chem Technology Co., LTD, Shanghai, China

MXDA Shanghai Aladdin Bio-Chem Technology Co., LTD

J-133c-structural adhesive (A/B) Institute of Petrochemistry, Heilongjiang Academy of Sciences, Harbin, China
Acetone Shanghai Aladdin Bio-Chem Technology Co., LTD
Anhydrous ethanol Shanghai Aladdin Bio-Chem Technology Co., LTD
Aramid fiber Dongguan Shengmao Special Weaving Technology Co., LTD, Dongguan, China

Membrane Guangdong Chenghao Plastic Industry Co., LTD, Dongguan, China

OA

S i W WP N

MXDA NH,

~NH.

Figure 1. Chemical structural formulas of E-51 epoxy resin, OA, and MXDA.
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The membrane was cut into long splines with lengths of 220 mm and widths of 70 mm;
the thickness was 0.1 mm. Aramid fiber was cut to a length of 220 mm, a width of 9 mm, and
a thickness of 1 mm.

OA belongs to the flexible curing agent classification. Its long molecular flexible alkyl
chain can increase the toughness of the resin system and meet the subsequent folding re-
quirements of the SMPCs. MXDA is an aromatic curing agent, which is used to form a
three-dimensional lattice cross-linking structure in the system. This augmentation leads to an
improvement in the overall rigidity of the resin system, ensuring that the smart grid remains
stable after unfolding. The equation for preparing the SMP is shown in Equation (1).

mzAX(M)xK (1)

ny

m—Required hardener content per 100 g of epoxy resin (g);
A—Mass fraction;

M—Molecular weight of amine (g/mol);

ng—Number of active hydrogens in amine curing agents;
K—Epoxy content.

E51 epoxy resin is a thermosetting polymer with an epoxy value of 0.51. The molecular
weight of the OA is 129.24 g/mol. The number of active hydrogens is 2. For MXDA, the
molecular weight is 136.19 g/mol. It has 4 active hydrogens. The mass percentage of SMP is
40%. The relationship between the quantity of SMPs and the aramid fiber can be expressed
in the manner shown in Equation (2). Ultimately, we can calculate the weights required for
E-51 epoxy resin, OA, and MXDA.

m

— L —40% )
mr + mf

m,—The amount of SMP (g);
mg—The amount of aramid fiber (g).

2.2. Preparation of SGRMO

The preparation progress of the SGRMO is depicted in Figure 2. The detailed prepara-
tion process is described as follows:

Removing air bubbles: We immersed a measured quantity of E-51 epoxy resin in a
water bath maintained at 70 °C for 30 min. This thermal treatment served to optimize the
viscosity of the epoxy, enhanced its fluidity, and facilitated the expulsion of entrapped
air bubbles.

Mixing and stirring: OA and MXDA were accurately mixed into the E-51 epoxy resin in
predetermined proportions. These components were thoroughly stirred to ensure uniform
mixing. The admixed solution was then transferred into an electric vacuum-drying oven
for 10 min. This stage was pivotal in expelling the residual bubble in the SMP.

Bonding: We prepared the J-133c structural adhesive. The J-133c adhesive was made
by mixing the epoxy resin (component A) and curing agent (component B) at a ratio of
2:1 by mass. Subsequently, we delicately applied this mixture to one side of the aramid
fiber. The narrow stripe (here after named as the skeleton) was meticulously bonded to the
membrane to ensure a robust and integrated connection.

Wetting and curing: The SMP was appropriately dripped onto the surface of the
skeleton for comprehensive wetting. Subsequently, it was subjected to a heated cabinet
dryer. The detailed curing procedures were divided into two steps: at 80 °C for 1 h in the
first stage and at 120 °C for 2 h in the second stage.
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Figure 2. Preparation of the SGRMO.

2.3. Materials Characterization

The aramid fiber had a width of 9 mm and a thickness of 1 mm, the line density was
15.2 g/m, and the weave method was 2 x 2 twill weave.

The thickness of membrane was 0.1 mm. The elastic modulus and Poisson ratio of
the membrane were, respectively, 2240 MPa and 0.34. The yield stress and yield strain
of the membrane were, respectively, 69 MPa and 0.03, all of which were obtained by the
manufacturer.

The Differential Scanning Calorimetry (DSC) of SMP was measured with DSC141,
made by SETARM. The DSC instrument was calibrated using standard materials with
known thermal properties. The resulting DSC thermogram provided information about
phase transitions, such as the glass transition temperature Tg, and chemical reactions.
The heating rate was 10 °C per minute, and the temperature range was 20-150 °C under
nitrogen flux.

Dynamic mechanical thermal analyses (DMA) of SMPCs were measured with a TA-
800, made by TA Instruments, to evaluate the storage modulus and loss factor of SMPCs.
The Tg could be measured via the maximum peak of the loss factor. DMA tests were
performed in a temperature range between 20 °C and 150 °C. The SMPCs were loaded via
three-point bending. The loading frequencies were all 1 Hz.

2.4. Shape Memory Performance Test
The shape memory cycle and recirculation process are as follows:

(@) Initially, the SGRMO was placed in an oven at an elevated temperature (Tg + 50 °C),
and after one minute, the structure softened. Further, we folded the SGRMO and
placed it between parallel plates with 15 mm apart.

(b) Then, the SGRMO was placed in the room temperature condition (20 °C) with an
invariant external load condition. We let it stand for one hour.

() We removed the external load in the room temperature condition, and the SGRMO
showed a slight rebound. We waited for 24 h to allow the structure to adequately
rebound, until the shape remained stable.
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(d) Finally, we tested the SGRMO at a specific temperature (Tg + 10 °C), and the structure
gradually unfolded into its initial state. After five minutes, the SGRMO was removed
from the oven and kept at room temperature for one minute. After one minute, the
shape could be fixed and stable.

The above is a complete shape memory cycle.

When the next shape memory cycle was performed, the SGRMO was handled as per
the scheduled procedure (a), (b), (c) and (d). In this paper, we ignored the effect of gravity
on the recovery performance due to the small density of the membrane and the small
weight of the skeleton, which is about 3.8 g for the SGRMO.

The shape memory fixation ratio (Ry) reflected the ability of the structure to maintain
a folded conformation. The shape memory recovery ratio (R,) reflected the ability of the
structure to recover to its initial conformation under the shape memory effect. Both were
important indicators for shape memory performance. Ry and R, can be calculated from
Equations (3) and (4).

o 6 fixed
O folded

R x 100% 3)

. Gfolded — Oresidual

R
’ O folded

% 100% (4)

As shown in Figure 3, 014, is the folded angle of the structure, and 6y is the folded
angle after removing the load. 6,4, is the deviation angle between the angle after shape
memory deformation and the initial state.

150°

Oresidual

\
//l/ 180°

Figure 3. Angle measurement method.

2.5. Finite Element Simulation

The ABAQUS, 2020 (Dassault, Paris, France) material model library is known to
possess highly stable, fast, and accurate models. In this paper, the viscoelastic model of
ABAQUS was used to simulate SGRMO [41]. The skeleton was considered to be a linear
viscoelastic material [42,43], and the viscoelastic properties were represented in ABAQUS
by the Prony series, which was fitted according to the data obtained from the DMA. The
WLEF parameters for the skeleton were referenced to empirical parameters [44].

2.5.1. Modeling

As shown in Figure 4, the model of the SGRMO was created with membrane dimen-
sions of 70 mm x 220 mm x 0.1 mm and skeleton dimensions of 9 mm x 220 mm x 1 mm.
The membrane and the skeleton were assembled with bonding constraints, which were
considered to have no slip between them. To achieve a more precise numerical simulation
of the SGRMO, it was imperative to ensure that the mesh density, calculation accuracy, and
computational time were appropriately balanced and optimized. Based on the convergence
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test, the quadrilateral procession algorithm performed the final meshing, and the S4R-type
mesh was selected for both the membrane and skeleton. The mesh size was about 0.5 mm
away from the region of the crease because of the large bending deformation. To improve
the calculation efficiency, the mesh size was about 8 mm away from the region of crease.
Similarly, the mesh size of the skeleton near the crease was 0.075 mm, and the part away
from the crease was about 2 mm. The area between the panel and the crease was set as a
transition area.

Key node

Figure 4. Finite element model of SGRMO.

We chose a key node on the upper surface at the center of the skeleton to describe the
variation in its stress and strain during the folding and unfolding process. The stress and
strain of this key node could reflect the maximum stress and maximum strain of SGRMO,
which could be used to evaluate whether plastic deformation occurred.

The Miura origami is defined by the edges L1-L,-L3-L4, sector angle-i and angle-8, 6
is the angle between L; and the X-direction, representing the angle-i projection on the XY-
plane at the geometric level, as shown in Figure 5a. According to the definition of the Miura
configuration, the dimensions of the finite element model are L; =L, = L3 = L4y = 50 mm,
the angle-y is 60°, and the angle-g is 80°. The finite element model of Miura-SGRMO
was built in ABAQUS, as depicted in Figure 5b. The width of the grid was 9 mm, and its
thickness was 1 mm. The global mesh size of Miura-SGRMO was set to 0.055 mm. The
Miura configurations required the pre-incorporation of creases, the geometric shape and
material properties were altered at the crease [45-47], and both the elasticity and plasticity
of the crease needed to be considered. We utilized the rotational elastoplastic connectors to
simulate the crease. The damping coefficient of the connectors was set at 0.2.

Z
v 8
09
1)
Os
/ L
S, S P
) (O L bemmmmem 5 Os
(03
Li
‘Z (O)1 Ls Ld o 05
S X

(a) (b)
Figure 5. Miura-SGRMO: (a) parameters of Miura Origami; (b) finite element model, where the

brown area represents the membrane, the yellow area is grid structure, and the SMPCs and the cell
surfaces of the membrane are bonded.
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A
~ =<

Step I:  Heating and folding

2.5.2. Simulation Steps

The boundary condition of the SGRMO is shown in Figure 6. The process consisted
of four steps: (1) Heating and folding—the ambient temperature was meticulously set at
120 °C, and the bending load was imposed upon the structure. (2) Cooling—the tempera-
ture field was diminished from 120 °C to 20 °C, and the SGRMO remained in its folded
state through the fixture. (3) Unloading—We removed the fixture and kept the temperature
constant at 20 °C. (4) Heating and unfolding—The temperature was raised from 20 °C to
120 °C. When the ambient temperature reached Tg, the recovery of the SGRMO toward its
initial shape began.

Temperature field

Y
N

Step II:  Cooling

Ugpl
Applied stress

Step III:  Unloading

Step IV: Heating and unfolding

J

Figure 6. This shape memory cycle consists of two hot stages (red background) and two cold
stages (blue background). The red background represents the high-temperature field, and the blue
background represents the low-temperature field.

2.5.3. Viscoelastic Parameterization

Building upon the insights gained from the aforementioned experimental analyses,
our objective was to construct a finite element model for the SGRMO. The skeleton was
considered a linear viscoelastic material [42,43] and adopted the generalized Maxwell
material model [48,49]. The viscosity 77; and modulus E; were different in each Maxwell,
and its physical theoretical model is shown in Figure 7. The generalized Maxwell model
comprised a Hooke spring connected in parallel with multiple Maxwell model units.

;
o e, 1o 1 o

Figure 7. The generalized Maxwell model.
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As shown in Equation (5), the generalized Maxwell model expression in the time
domain was as follows: .
E
Ey = Ew+ ) Eie /™ (5)
i=1
E(;)—Young’s modulus relaxation function
E«—Long-term modulus
E;—Young's relaxation modulus at time i
TiR—Relaxation time at moment 7 (TiR =1;/E;)

We utilized finite element software (ABAQUS, 2020) for the viscoelastic simulation of
materials [50,51], and the relaxation functions Ky and G were usually written in the form
of Prony series [49], as shown in Equations (6) and (7).

n

Ky = Ko — XK:ki (1 — eft/TiK> (6)
i=1
ng

Gy =Go = Lgi(1-¢ ") @)
i=1

Here, TX and 1 represent the relaxation times for each component of the bulk and
shear relaxation moduli in the Prony series. The viscoelastic parameters of the material
were normalized, and then the normalized modulus was entered into ABAQUS to generate
the Prony series.

2.6. Performance Estimation Method of Miura-SGRMO

To evaluate the unfolding behavior of Miura-SGRMO, we defined the distance of line
segment O;03 and O;07 (shown in Figure 5a) as the unfolding lengths of Miura-SGRMO
in the X direction and the Y direction, respectively, expressed by the parameters Sy and Sy,
calculated from Equations (8) and (9), as follows:

Sy = (L3 + L4) X sinf3 (8)

Sy = (L1 + Lp) x sinf )

where 6 € [0, ¢, € (0, 7/2],and B € (t/2 — 1, 7/2].

We further utilized the parameter p to evaluate the unfolding level of the model, which
could be calculated using Equation (10), as follows: Sx and Sy represent the lengths of the
Xand Y directions in the simulation, while S, and S, represent the lengths of the X and Y
directions via theoretical prediction.

. SXxSy
© SyxS,

x 100% (10)

We calculated the root mean square error of the Z-direction coordinates of the chosen
key points between the simulation and the theory to evaluate the surface precision, as
shown in Equation (11), as follows: z; and Z; represent the Z-direction coordinate, respec-
tively obtained via the simulation and the theory. We selected 20 key points on each unit
surface, as shown in Figure 8.

ZRMSE = %Z(Zi ~Z;)? (11)
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® Key point

Figure 8. Description of key points for the surface precision estimation of Miura-SGRMO.

3. Results and Discussion
3.1. DSC Analysis of SMP

The weight of the aramid fiber webbing was 1.801 g via measurement. According to
Equation (2), the required epoxy resin could be derived as 1.2 g. Based on Equation (1), we
took the mass fraction for OA to be 0.65, and the mass fraction for MXDA was 0.35. The
weights of the components are shown in Table 2. The SMP was tested via differential thermal
analysis. As shown in Figure 9, the glass transition temperature of SMP was 47.61 °C.

Table 2. Weight of the SMP.

Product Weight (g)
E-51 epoxy resin 1.200
OA 0.257
MXDA 0.073

—— E51-650A/35MXDA

Y 47.61°C

Heat flow (mW)
|
EN

-8 1 1 1 1 1 1
20 40 60 80 100 120 140 160

Temperature (°C)

Figure 9. DSC profiles of SMP.

3.2. Thermomechanical Properties of SMPCs

The SMPCs was prepared by using SMPs and aramid fibers. The DMA data of the
SMPCs in this study are summarized in Figure 10. Based on the maximum value of the
loss factor, we determined that Ty was 64.1 °C. This shows that the SMPCs prepared by
applying SMPs to aramid fibers have higher glass transition temperatures than pure SMP.
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64.1°C
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Figure 10. DMA test curve of SMPCs.

3.3. Shape Memory Test Results
3.3.1. Shape Memory Performance of SGRMO

For the folding and recovery test, the SGRMO recovered to its initial state in about
70 s. As shown in Figure 11, when the SGRMO was removed from the fixture at room
temperature, it had a slight rebound. This indicates that the skeleton provided sufficient
ability for SGRMO to maintain its folded conformation. The recovery process of SGRMO
was heated in an oven at 70 °C, and the SGRMO returned to its initial state after about 70 s.

(a)Folding state

Figure 11. Shape memory test: (a) folding state under an external load; (b) temporary shape; (c—e)
shape recovery when heating at 70 °C; (f) initial state.

3.3.2. Different Structural Forms

The effect of three skeleton bonding methods on the unfolding rate of the SGRMO
was studied, as shown in Figure 12. The skeleton bonding methods included skeletons
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bonded on the folded valley side, skeletons bonded on the folded mountain side, and
double skeletons bonded on the folded valley side. We prepared three samples for each
group, and each point was the average of the recovery time of the three samples, and the
error size was the maximum unfolding time and the minimum unfolding time, respectively.
The results indicate that the skeleton position had little effect on the recovery rate.

80 -

= Single skeleton (folded valley)
® Single skeleton (folded mountain)
4 Double skeleton (folded valley)

2
S
T

o
S
T

w
S
T

Unfolding Time(s)
g 8
T T

20

30 60 90 120 150 180
Unfolding Angle(°)

Figure 12. The effect of different structure forms on the recovery rate.

Nevertheless, the unfolding time for the double-skeleton structure was significantly
shorter than the time for the single-skeleton structure. This observation implies that the
double-skeleton structure offers superior recovery performance.

3.3.3. Ambient Temperature

The shape memory recovery performance was sensitive to the ambient temperature.
Our research focused on their recovery rate. Figure 13 shows the data obtained from
the experiment, which illustrated the unfolding times for different ambient temperature
conditions. The points and error lines have the same meaning as before. The unfolding
rate of SGRMO significantly increased with an increase in the temperature. Firstly, the
stiffness of the skeleton decreased with increasing temperature, thereby reducing the ability
of SMPC:s to fixed the shape of the membrane. Secondly, as the temperature increased,
the molecular components within the skeleton became more active, thereby increasing
the molecular mobility of the material. This molecular reorganization helps to return
SGRMO to its original shape more quickly. In essence, the synergistic effect of these
two factors together accelerated the more rapid return of SGRMO to its original shape at
elevated temperatures.

100

70°C
80°C
90°C
100°C
¢ 110°C
« 120°C

90

80

4« > o nm

70

60

50

40

Unfolding Time(s)

30

20

30 60 90 120 150 180
Unfolding Angle(°)

Figure 13. The effects of different ambient temperatures on the recovery rate.
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3.3.4. Folding Frequency

The folding frequency of the SGRMO was also a significant factor for the deployable
structure. Figure 14 shows the recovery time and the recovery angle for three samples of
the SGRMO for different folding frequencies at 70 °C.

150

—m— Recovery angle = Sample I |_{ 9
140 | O Sample 2
—i— Recovery time * Sample 3 |4 190

130

1
@
IS

Bft— 5
\o\Sxﬁiﬁgazeﬁqgigzﬁfgfﬁtﬁ

)
=]
T

1

170

=}
T
1
[N
S

1=
b=
T
1
o
o

1
g
Recovery Angle(°)

Recovery Time(s)

S
T
1
S

\I

1
%)
=

=3
=)
T
1
o

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Fold Frequency

Figure 14. Recovery times and angles for different fold frequencies.

With the increase in the folding frequency, the unfolding time of the SGRMO exhibited
a nonlinear pattern. The point at which recovery time was minimized may not occur in
the first point, which suggested that the internal molecular chains of the SGRMO may be
adjusted due to the need to accommodate external deformations when the structure was
tested over shape memory cycles, and the minimal recovery time may have occurred after
the first point. However, with the increased folding frequency, both the skeleton and the
crease of the membrane experienced a significant level of aging. This aging was evident in
the form of a weakened shape memory performance within the skeleton. Simultaneously,
the membrane developed an elastic—plastic crease region. Importantly, at the crease, some
of the external force work was converted into the plastic strain energy, which enhanced
the membrane’s ability to resist recovery deformation. After the ninth or tenth folding
frequency, debonding between the membrane and the skeleton was observed. Then, the
recovery angle was essentially stable at a constant value. However, the first shape memory
recovery angle was the largest.

To further investigate the effect of the folding frequency on the structural recovery
properties, we also performed shape memory cycling tests at 100 °C and 120 °C. The
impacts of the temperatures on the folding frequency for three groups of samples are
shown in Figure 15. The trends for the recovery time at the three temperatures were
almost the same, and the recovery time gradually increased with the increase in the folding
frequency. When the ambient temperature became higher, the structure may have exhibited
the debonding phenomenon earlier; this is because the glass transition temperature of
J-133c is 100 °C, and when the ambient temperature was above 100 °C, the curing of the
structural adhesive weakened, and the bond strength reduced.

We compared the shape memory performance of the SGRMO at 70 °C with those
of other shape memory membrane structures for the first three folding frequencies, as is
presented in Figure 16. SGRMO exhibited excellent shape memory performance, ensuring
that the structure had an excellent shape memory recovery rate while maintaining a good
shape memory fixation rate.
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Figure 15. Recovery time for fold frequency at different temperatures.
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Figure 16. Shape memory properties in the first three folding frequencies with different designs,
SMPI [21], 6FDA/ODPA-ODA-37 PI [22], 34ODA-BPDA PI [52], PU-0.25 [53]: (a) the relationship
between the fold frequency and shape memory fixation rate; (b) the relationship between the fold
frequency and shape memory recovery rate.

3.4. Finite Element Results
3.4.1. Elastic and Viscoelastic Parameters

The derivation of the Prony series was facilitated through the conducting of the
relaxation experiments involving viscoelastic materials. Subsequently, the Prony series
equation was meticulously tailored to conform to the experimental curves [27,54], and the
parameters in the fitted Prony series curves were used directly in ABAQUS. The parameters
of each discrete term of the Prony series were obtained, as shown in Table 3.

Table 3. Relaxation modulus and relaxation time for each level in the Prony series.

Relative Shear Modulus Relative Bulk Modulus Relaxation Time
1 0.384 0 0.017
2 0.272 0 0.09
3 0.105 0 1
4 0.031 0 12
5 0.207 0 56

Total 0.999
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The WLF parameters to be entered into ABAQUS included Tg, Cy, and C;. The Tg
was measured via DMA testing. We chose the peak of the loss factor as the glass transition
temperature, and C; and C; were taken as universal constants [44], as shown in Table 4.

Table 4. Constant of WLF equation.

Tg Cq1 Cy
64.1°C 17.4 51.6

As shown in Table 5, for the simulation of viscoelastic materials in ABAQUS, the
storage modulus at the glass transition temperature in the DMA was taken as the elastic
modulus of the SMPC.

Table 5. Linear elasticity parameters for SMPCs.

Elastic Modulus (mPa) Poisson Coefficient of Thermal Expansion (CTE) (1/°C)

2060

0.4 6.47 x 107°

The parameters of the membrane are shown in Table 6.

Table 6. Linear elasticity parameters for membrane.

Elastic Modulus (mPa)

Poisson Yield Strain Yield Stress (mPa)

2240

0.34 0.03 69

3.4.2. Shape Memory Recovery Process of SGRMO

The folding /unfolding simulation is shown in Figure 17. Stress concentration occurs
in the crease region of the larger bending deformations. By comparing the experiment
results, it can be found that the simulation effectively displays the folding and unfolding
process of the structure.

S, Mises (MPa)

1098.372 1522.255

19(,1055_33;‘11 (a) Folding state 1395401 (b) Temporary state

823780 1141.692

732249 1014.838

640.719 887.984

i

i - 634.276

366.127 Cool 507.421

274.596 380.567

183.066 253713

91.535 126.859

Removal load 0.005
ll Heat
m— m—

49307 (d) Initial state 25.546 (c) Middle state
4108 23417
36.980 21.289
32.871 19.160

20.544
16.436 10.645
12,327 8.516
8218 6.388
i 4.259
0.000 2.130
0.002

120°

Figure 17. Shape memory process for simulation: (a) folding state under external load; (b) temporary
shape; (c) middle state when heating at 70 °C; (d) initial state.

The impact of the skeleton position on the unfolding behavior of the membrane was
examined, taking into account the fact that the skeleton was positioned on the mountain side
and valley side of the membrane. From Figure 18a, the movement tendency and unfolding
angle of the SGRMO with two different positions for the skeleton were nearly synchronous.
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180 Skeleton on the folded valley side 180 L Single skeleton structure ) :|
————— Skeleton on the folded mountain side Double skeleton structure
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Analysis step Analysis step
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Figure 18. The variation law of the unfolding angle with the analysis step: (a) skeleton positions;
(b) skeleton numbers.

In Figure 18b, we can see that there were more reliable fixation and better unfolding
performances for the double-skeleton structure compared with the single-skeleton structure.
In step III, a smaller rebounding angle was found for the double-skeleton structure. In the
fourth step, the angle of the double-skeleton structure reached 179.6° when the temperature
rose above Tg. At the final moment, the double-skeleton structure had a larger recovery
angle than the single-skeleton structure. Based on the results of the simulation, it could
be concluded that for the single-skeleton structure, Ry = 97.75% and Ry, = 98.80%. For
the double-skeleton structure, Ryr=98.01% and Ry, = 98.96%. It was consistent with the
experimental conclusion that an increase in the number of skeletons enhanced the shape
memory performance of SGRMO.

We plot the variation in stress and strain with temperature for the central element of
the skeleton, as shown in Figure 19. In the first stage, the SGRMO was folded at 120 °C,
and the stress and strains increased rapidly. In stage 2, due to the drop in temperature
from 120 °C to 20 °C, the stress increases slowly when the structure was above the glass
transition temperature. As the temperature dropped under the Tg, the structure was in
a glassy state at this moment, and the stress increased more rapidly compared to the
previous moment. The strain also decreased gradually due to the shrinkage effect. In the
third stage, there was an abrupt change in the stress and strain as the external loads were
removed. In the fourth stage, as the temperature rose, the stress decreased and the strain
increased. When the ambient temperature was above Tg, the strain was rapidly released,
and the relaxation of stresses occurred. Finally, the stress and strain were restored to the
initial state.

0.010

E L e ————————
240 - 1 Heating and unfolding —
20 2 Cooling @
200 L 3Unloading
5 4)Heating and unfolding 0.005
180F || DN\ Eeeseeeeerseeessssnsssssenmannsd H = @
< 160 [ £
2 @
b L
;‘m: 140 é @i
= 120 |- o 0.000
S o
g0k =
k= 80 =
s ©) i [v— — p—
% oal — ~0.005 |  (DHeating and unfolding
< 2)cooling
20 3unloading
0 4 Heating and unfolding i
) L L L L 1 20,010 L L 1 L L I
20 40 60 80 100 120 20 40 60 80 100 120
Temperature (°C) Temperature (°C)

(a) (b)

Figure 19. Plot of the axial direction stress and strain versus temperature in the simulation: (a) the
curve of stress versus temperature; (b) the curve of strain versus temperature.
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3.4.3. Shape Memory Recovery Process of Miura-SGRMO

The folding /unfolding simulation of the Miura-SGRMO was accomplished and is
depicted in Figure 20. The recovery property of the structure was not able to restore itself
to its initial state due to the significant plastic deformation at the crease of the membrane.
Meanwhile, the stress was basically concentrated in the crease area.

S, Mises (MPa)

(a) Folding state (b) Temporary state

243484 275.000
221349 250.000
199214 225.000
] 200.000
135309 Cool T
loers ™) € 125.000
66403 Removal load 72000
! emoval load .
44270 mpjf{i4m 50.000
22.135 25.000
0.000 0.000
77.071 d) Initial stat 102.957 (c) Middle state s
70%ss () lnitialstate 94377 Heat
64.226 85.798
57.803 77218

68.638
60.058
51.479
42.899
34319
25.739
17.160
8.580
0.000

Figure 20. Shape memory process for simulation of the Miura-SGRMO.

3.4.4. The Displacement of Miura-SGRMO

We described the change in the unfolding displacement as the angle 3 changed, as
shown in Figure 21. The datapoints were chosen at every 10° interval in the allowed value
range of 3 from 30° to 80°. The simulation results show that the configurations predicted
using the theory (panel bending is not considered) agree well with the ones obtained via the
simulation, which means that the panels of Miura-SGRMO have little bending deformation
during the unfolding process, and the discrete skeleton significantly improves the stiffness
of membrane panel.

70

—a— X- Theory
60 - |--@--X-FEA P
—&— Y- Theory
--&--Y-FEA

W
(=]
T

B
(=1
T

Displacement (mm)
8
T

153
=1
T

S
T

30 40 50 60 70 80
B
Figure 21. The displacements of Miura-SGRMO during the recovery process.

We built five types of models with different Miura structural parameters, as shown
in Table 7. Ori;—Oris had the same lengths, but the angle-i were 15°, 30°, 45°, 60°, and
75°, respectively.
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Table 7. Geometric parameters of the Miura-Origami.

Model Ll-Lz-L3-L4 (mm) lIJ ©)
Oriy 50-50-50-50 15
Orip 50-50-50-50 30
Oris 50-50-50-50 45
Oriy 50-50-50-50 60
Oris 50-50-50-50 75

Further, we analyzed the distance of X and Y directions when the angle-i of each
model unfolded to 80° by using Equation (10), as shown in Table 8. The Miura-SGRMO had
excellent unfolding performance, tolerance within 0.1%. The unfolding level of Oriz was a
little bit more than 100%. This was because recovery deformation of the grid structure and
the elastic recovery of the membrane were different and coupled with each other, which
together resulted in excessive bending of some areas of membrane away from the grid.

Table 8. Unfolding distance and degree of unfolding for each model.

Model X-Displacement Y-Displacement p
Oriq 1.0523 mm 19.401 mm 98.93%
Orip 7.1401 mm 47 437 mm 99.96%
Ori 18.350 mm 69.681 mm 100.05%
Oriy 35.347 mm 85.945 mm 99.92%
Oris 57.701 mm 95.337 mm 99.95%

3.4.5. The Analysis of Surface Precision

It was necessary to organize an analysis of the structural surface precision to investigate
the reliability of the operation. The surface precision values of Miura-SGRMO are shown in
Figure 22. The membrane structure could be almost completely unfolded by the smart grid.
Compared to the results from Ori; to Oris, it was noteworthy that the surface precision
of Ori, with the angle-y 30° was relatively high. This was because the larger the angle-y,
the larger the size of the membrane, and the more difficult it was to flatten the shape
of the unfolded surface. In contrast, when the angle-{ was smaller than 30°, the size of
the structure in the X-direction was much larger than that in the Y-direction, and a large
distortion deformation occurred in the edge region away from the skeleton, which also
increased the shape deviation of the structure.

0.20

0.15

RMSE (mm)
=
=

0.05

0‘00 1 1 1 1 1
15 30 45 60 75

y ()
Figure 22. Surface precisions of Miura-SGRMO with different angle-ip values.

4. Conclusions

In summary, we proposed a novel structure, named the smart grid reinforced mem-
brane (SGRMO). We folded it according to a predetermined design scheme, and the pro-
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grammable self-unfolding capability of the SGRMO was facilitated by the shape memory
effect. The creative structure could be almost completely unfolded by the smart skeleton or
grid. This suggests that the design idea of discretely driving the membrane structure was
reasonable. Based on this work, the following conclusions were drawn:

e  For SGRMO, the shape memory performance was almost the same for forward and
backward folding, while increasing the number of smart skeletons improved the
shape memory performance. Even after multiple shape memory cycles, SGRMO
could guarantee excellent shape memory performance. The R¢ of the SGRMO was
maintained above 98.5% and R, above 99% for the first three shape memory cycles.

e  The ambient temperature exerted a profound influence on the recovery performance of
SGRMO, where heightened temperatures correlated with an accelerated recovery pro-
cess. Nevertheless, elevated temperatures precipitated earlier instances of debonding.

e  The Miura-SGRMO unfolded without large bending deformations in the panel area.
The unfolding process of SGRMO could be approximated as a rigid unfolding.

e  Ourinvestigation attested to the reliability of utilizing the grid structure for facilitating
the unfolding process. The Miura-SGRMO unfolded with a high degree of unfolding
distance and surface precision. At angle-i values of 15°, 30°, 45°, 60°, and 75°,
respectively, our observations revealed that the optimal surface precision was attained
at 30°, and the RMSE of this configuration stood at approximately 0.05 mm. However,
the result was influenced by a dimensional effect, which must be thoroughly explored
in subsequent research efforts.
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