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A B S T R A C T   

In this paper, a deployable parabolic reflector based on epoxy-based shape memory polymer (SMP) is investi
gated. A deployable SMP composite parabolic reflector with a diameter of 400 mm is designed and fabricated 
according to laboratory equipment conditions. The storage ratio and collapsed surface curvature of the three 
folding patterns are compared using finite element analysis (FEA). Then FEA is used to analyze the reflector’s 
folding and deploying process by investigating the shape memory behaviors during these two processes as well as 
predicting the deploying time. Finally, the reflector folding and deploying tests are completed. The reflector’s 
shape fixation ratio, recovery ratio, and deploying time are measured to verify this pattern’s feasibility and 
rationality.   

1. Introduction 

Shape memory polymers (SMPs) are a category of intelligent mate
rials that can actively respond to external stimulation [1–3]. They have 
excellent strength and stiffness in their glassy state, while exhibiting 
good flexibility and outstanding large deformation capacity (up to 600 
%) in their rubbery state. Based on the shape memory effect, after 
heating above the glass-transition temperature (Tg), it can be formed 
into a desired shape with considerable deformation, and then memorize 
this temporary shape as its temperature drops below Tg. When the 
temperature is above Tg again, it can recover its initial shape. Moreover, 
SMPs have the advantages of shock-free actuation, light weight and high 
performance in extreme environments. Hence, SMPs are applied in 
various fields, from aerospace to intelligent drives and biomedicine 
[4–9]. 

Space reflectors are widely applied in space telescopes, remote 
sensing cameras, space antennas, and other spacecraft equipment 
[10–15]. As the progress of space technology, the high resolution and 
high communication capability of this spaceflight equipment increases 
requirements for the aperture, surface precision, and light weight of the 
space reflectors [16–18]. In order to overcome the limitations of car
rying capacity and space of rockets on large-scale and high-precision 
space reflectors, many countries such as the United States, Russia, and 

Japan have developed deployable reflectors [19–21]. The most 
frequently developed type is a single deployable reflector. This reflector 
is built on the ground and folded. A rocket then launches it into a pre
determined orbit, and it is ultimately deployed on-orbit by active or 
passive drive systems. These types of reflectors include solid surface, 
umbrella-like, truss, and semi-rigid deployable reflectors, etc. [22–26]. 
Among these, solid surface reflector is widely applied, and its advan
tages are high frequency, high data transmission rate, and high preci
sion. However, most existing solid reflectors contain traditional 
mechanical structures. This reflector requires heavy and complex me
chanical structures to ensure its folding and unfolding accuracy, while 
its mechanical mechanism and surface have different thermal expansion 
coefficients (CTE) that significantly affect its accuracy. Some deployable 
reflectors are designed to combine SMPs with flexible reflectors, which 
provide the advantages of high storage ratio, low surface density, and 
high frequency. This offers new ideas for developing deployable space 
reflectors. 

The deployable parabolic reflector in this work was made of carbon 
fiber reinforced SMP composites. The geometric models for the folding 
state of the three folding patterns were obtained based on finite element 
simulation, the storage ratio and surface curvature of the folding state 
were compared, and a moderate “six petals” pattern was selected. Sec
ondly, the viscoelastic constitutive theory of SMPs was used to simulate 
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the reflector’s folding and deploying process in the commercial software 
ABAQUS. The energy and mechanical state of the shape memory be
haviors were obtained from the simulation, as they are usually difficult 
to measure directly during experiments. Finally, the selected pattern was 
implemented to conduct folding and unfolding tests for the deployable 
reflector, while the reflector’s shape fixation and recovery ratio were 
evaluated. The feasibility of the deployable parabolic reflector with SMP 
composites was verified, and the design experience for the further 
deployable reflectors was obtained. 

2. Design 

2.1. Surface type and folding pattern 

Parabolic reflectors have superb reflectivity and high concentration, 
meeting high precision needs [27–29]. However, it is more difficult for 
the parabolic reflectors to fold, in contrast with other types of reflectors, 
such as cylindrical and planar reflectors. It is necessary to predict the 
surface curvature of the folded reflector and storage ratios for each 
pattern. Moreover, it is helpful to use finite element simulation analysis 
to forecast and make comparisons regarding these aspects. 

The designed aperture of the lab-scale reflector is 400 mm. Its surface 
shape satisfies the parabolic equation X2 = 934Y (parabolic surface 
center as the origin of coordinates), shown in Fig. 1 (a) and (b). An 80 
mm diameter reserved opening circle is in the reflector’s middle. We 
intend to fold the reflector into a sound compact volume and feasible 
surface curvature just like a flower bud, as shown in Fig. 1 (c). However, 
it is important to determine the number of petals on the bud. In the next 
section, ABAQUS was implemented to produce finite element models for 
different folding patterns. Afterwards, geometry features can be 
extracted to obtain geometry models for analyzing and comparing 
different folding patterns. The selection procedure is shown in Fig. 1 (d). 

2.2. Modeling and simulation 

To obtain an optimal folding pattern with a reasonable storage ratio 
and folding curvature, three folding patterns for the deployable reflector 
were established in ABAQUS, as shown in Fig. 2 (a). Different numbers 
of rigid bars were used in different models, called the three-petal 
pattern, six-petal pattern, and nine-petal pattern respectively. Fig. 2 
(b) shows three folding states for each reflector folding pattern. Then, 
geometry features such as edges and curved surfaces can be obtained 
from folded shapes of the finite element models to obtain geometric 
models. To easily observe the relative storage ratio and surface curva
ture, geometric models were placed together, as shown in Fig. 2 (c). 
Intuitively, the six-petal and nine-petal patterns are more efficient to 
store, and the three-petal pattern lacks a considerable storage ratio. 
Subsequently, the folding curvature and storage ratio will be quantita
tively analyzed. 

2.3. Folding patterns 

2.3.1. Folding curvature 
The folded state geometric models were imported into CATIA soft

ware for curvature analysis. Their maximum and minimum folding 
curvature can be obtained by using the visual window, as shown in Fig. 2 
(d). Furthermore, the bottom 15 mm section along the height was 
omitted during curvature analysis because it involved unreasonable 
distortion derived from overly rigid boundary conditions that may affect 
evaluations of the pattern. Table 1 depicts the folding curvature for each 
pattern and compares them with the three-petal pattern, and the 
maximum curvature values for the other two increased by 43.48 % and 
107.76 % respectively. And the curvature radius corresponding to the 
maximum curvature value can be calculated as about 31, 22, and 15 mm 
respectively. 

Fig. 1. (a) Model of the parabolic reflector; (b) Shape parameters of the reflector surface; (c) Different natural flowering patterns obtained from the internet; (d) 
Selection procedure of folding pattern. 
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2.3.2. Storage ratio 
The folded heights of the three patterns are consistent. Therefore, the 

circumcircle area (Fig. 2 (e)) of the folded reflector projection from the 
top view is able to approximately evaluate relative storage volume. 
Table 2 shows the folding aperture characterized by the circumscribed 
circle diameter. The decrement of the circumcircle area compared with 
the initial unfolding shape projection area is 13.51 %, 62.79 %, and 
73.99 % respectively. 

2.3.3. Discussion and results 
In terms of folding curvature, the increment of the maximum cur

vature of the six-petal pattern compared with the three-petal pattern is 
just 43.48 %, but the increment of the nine-petal pattern increased 
sharply to 107.76 % (the curvature radius decreased to 15 mm). The 
remarkable increase in curvature negatively impacts the folding process 
by potentially damaging the reflector surface and resulting in an 
imprecise recovery shape. Meanwhile, a comparison of the folding ap
ertures shows that the six-petal pattern has a compact folding volume 
(φ244 mm in folding aperture). Although the storage ratio of the nine- 
petal pattern has an increment, its decrement increases by only 11.2 
%. Consequently, the six-petal pattern is more compromised. According 
to previous experimental experience, this pattern’s folding curvature 
makes it feasible to fold the reflector, while the storage ratio is in an 
acceptable range. Therefore, the six-petal pattern was selected for 
further fabrication of shaping tools, analysis of shape memory behavior, 
and ground tests. 

2.4. Folding and testing methods 

To fold the reflector to the desired folded shape of the six-petal 
pattern, folding tools, shown in Fig. 3, were designed and fabricated. 
Six bars are uniformly distributed and hinged on the reflector base. 
Rotating the bars when the reflector is heated to above the glass tran
sition temperature (Tg) can apply the folding forces to control the 
shaping of the folded reflector. To reduce stress concentration on the 
lower part during folding the reflector, we designed pairs of arcs on the 
mounting site. The schematic diagram of the folding and deploying tests 
is shown in Fig. 4, which will be described in detail in Section 5.Testing. 

3. Materials and fabrication 

Commercially available carbon fiber fabric (T300, 1 K, twill textile) 
and epoxy based SMP resin (Tg = 100 ◦C series) developed by Leng’s 
group were used to fabricate a reflector utilizing Vacuum Assisted Resin 
Infusion (VARI) technology, a well-developed composite forming pro
cess. The reflector processing is shown in Fig. 5(a). Moreover, Fig. 5(b) 
shows the theory and detailed layers of the fabrication process, while 
Fig. 6 shows the manufacture and assembly process. Two layers of fabric 
with a [(0/90)/(±45)] stacking sequence were placed on the toughened 
glass mold, and then infused degassed SMP resin by applying vacuum 
negative pressure. This fabric then underwent the curing process (80 ◦C/ 
3h → 100 ◦C/3h → 150 ◦C/5h) in an oven to yield the SMP composite 
reflector. The final reflector was trimmed of its redundant edge and 
mounted on the base, as shown in Fig. 6 (c). 

Fig. 2. (a) Finite element modeling of the three folding patterns from top view 
and axonometric view; (b) Finite element models of the three patterns after 
folding; (c) Comparison of geometric models of three folding patterns and 
original shape; (d) Surface curvature analysis of the three folding patterns; (e) 
Top view of the three folded pattern. 

Table 1 
Comparison of the folding curvature of the three folding patterns.  

Folding patterns Folding curvature Max (mm− 1) Folding curvature Min(mm− 1) MAX curvature 
MAX{|Max|,|Min|} 
(mm− 1) 

Increment(Compared with three-petal pattern) 

Three-petal  0.0322  − 0.0147  0.0322 0.00 % 
Six-petal  0.0416  − 0.0462  0.0462 43.48 % 
Nine-petal  0.0669  − 0.0581  0.0669 107.76 %  

Table 2 
Comparison of the folding aperture of the three folding patterns.  

Folding patterns Initial aperture (mm) Folding aperture (circumscribed circle diameter) (mm) Decrement of the area (compared with initial aperture) 

Three-petal φ400 φ372  13.51 % 
Six-petal φ400 φ244  62.79 % 
Nine-petal φ400 φ204  73.99 %  
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4. Simulation 

4.1. Modeling of the reflector 

The folding and deploying process was simulated using ABAQUS 
software based on the thermo-viscoelastic theory [30–33] using the 
Mooney-Rivlin (MR) hyper-elastic model and the generalized Maxwell 
model embedded in the ABAQUS software, the composites are treated as 
isotropic materials to simulate by homogenizing to simplify the simu
lation. The parameters used in the simulation are from Chen [34]. As 
shown in Fig. 7, the reflector finite element model was established using 
the linear four-node reduced integral shell element (S4R) that can pre
vent shear locking resulting from bending deformation. In addition, it 
has higher computational efficiency than complete integral because it 
decreases one point in each direction. As for meshing, the reduced in
tegral element requires a finer mesh to overcome the hourglass problem, 
especially its large deformation and contact area. Hence, the reflector 
geometry model was divided into multiple regions to mesh. The re
flector’s areas that made contact with the deforming auxiliary bars were 
refined. Element quality control is shown in Table 3. The reflector center 
was fixed and six bars were coupled at six reference points that can 
rotate to control the reflector’s folding in their own coordinate systems. 

The simulation procedure settings are listed in Table 4. A total of five 
steps are set during the procedure. In Step 1, the temperature field is set 
to heat up from 30 ◦C to 120 ◦C. The six bars are set to rotate slightly 
(-0.1 rad) to make tender contact with the reflector to prevent non- 
convergence. Based on the contact during the last step, in Step 2, the 
reflector surface is shaped to a folded state by external force induced by 
− 1.57 rad rotations of the six bars in the 120 ◦C temperature field. In 
Step 3, this surface cools down to 30 ◦C while maintaining its constraints 
for 180 s. In Step 4, this surface unloads its constraints. Step 1 to Step 4 
demonstrates the overall folding process where the reflector is folded 
and fixed by itself. Step 5 simulates the process of shape recovery. The 
temperature increases from 30 ◦C to 120 ◦C within 100 s, enabling the 
reflector to successfully return to its initial shape. 

4.2. Simulation results 

Fig. 8 shows the process of folding using six bars to shape the 
reflector to its folded state. At 0 to 11 s (Fig. 8(a) to (b)), the deformation 
temperature field and pre-contact are implemented and ready to fold. At 
11 to 21 s (Fig. 8(b) to (f)), 10 s in total, six bars are rotated to shape the 
reflector. The corresponding maximum stress is 1.77 MPa, 4.148 MPa, 
6.887 MPa, and 13.83 MPa at 2 s, 4 s, 6 s, and 10 s of the shaping stage 

Fig. 3. Folding tools of the deployable reflector.  

Fig. 4. Schematic diagram of the folding and deploying process.  
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Fig. 5. (a) Process routing of the carbon fiber reinforced SMP composite reflector; (b) Schematic diagram of the layers during this process.  

Fig. 6. (a) The reflector’s fabrication process using VARI; (b) Reflector surface after demolding; (c) The deployable reflector after trimming and assembly.  
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Fig. 7. Finite element model of the parabolic reflector.  

Table 3 
Control of element quality.  

Items Number Average value Worst Value 

Element number 7920  —  — 
Minimum Angle of quadrilateral element < 10◦ 0 (0 %)  82.94  67.60 
Maximum Angle of quadrilateral element > 160◦ 0 (0 %)  97.16  114.07 
Ratio of length and width > 10 0 (0 %)  3.32  9.77 
Geometry eccentricity factor > 0.2 0 (0 %)  0.00160  0.0171 
Minimum edge length < 0.01 0 (0 %)  2.29  0.431  

Table 4 
Simulation steps and boundary conditions.   

Step Time Temperature field Boundary condition 

1. Heat and pre- 
contact 

11 s Heat up from 30 ◦C to 120 ◦C. Fix the reflector’s reference point at its center; rotate six bars at a small angle (− 0.1 rad) to 
establish tender contact with the reflector surface. 

2. Shaping under 
external force 

10 s Maintain at 120 ◦C. Keep the reflector’s center fixed. Rotate the six bars − 1.57 rad around their own reference 
points located at one end of the cylinder axis to a perpendicular position. 

3. Keep fixed and cool 
down 

180 s Cool down to 30 ◦C. Keep the reference point fixed. Keep the six bars in the perpendicular position. 

4. Unload constraints 10 s Maintain at 30 ◦C. Keep the reference point fixed. Rotate the six bars to their initial position. 
5. Heat to recover 200 s Heat up from 30 ◦C to 120 ◦C within 100 s, 

and then maintain at 120 ◦C. 
Keep the reference point fixed. Keep six bars in their initial position.  

Fig. 8. Process of folding using six bars to shape the reflector to its folded state.  
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respectively. 
The reflector takes 180 s to cool down from 120 ◦C to 30 ◦C to 

memorize its folded shape with an increasing stress value, as shown in 
Fig. 9 (g) to (h). The stress concentration at the reflector surface’s fixed 
area clearly, increases from 13.83 MPa to 3570 MPa. It takes 10 s to 
rotate the bars to their initial position to unload the constraints, as 
shown in Fig. 9 (h) to (i). 

As shown in Fig. 10, when the temperature field rises again from 
30 ◦C to 120 ◦C, the reflector takes approximately 100 s to recover from 
its folded state to its initial state and it moves at a recovery speed of 
about 0.9◦ per second. Figures present the recovery state at 0 s, 80 s, 83 

s, 85 s, 90 s, and 100 s respectively. The temperature at 80 s (Fig. 10 (k)) 
is 102 ◦C, higher than the glass transition temperature (Tg = 100 ◦C). As 
a result, the reflector begins to deploy while the overall stress level 
rapidly releases. The maximum stress is 23.91 MPa at the reflector’s 
bottom. When observing the picture of the change from 80 s to 85 s 
(Fig. 10 (k) to (m)), the reflector quickly recovers, and the stress value 
decreases from 23.91 MPa to 9.996 MPa. After 85 s, the stress value 
reaches a low level and the reflector’s recovery rate decreases. At 90 s 
(Fig. 10 (n)), the reflector basically recovers to its initial shape. However 
the stress in the contact area is higher than in the other parts as it is not 
fully released. At 100 s (Fig. 10 (o)), the reflector’s stress is almost 

Fig. 9. Process of cooling down to memorize the folded shape and unloading constraints.  

Fig. 10. Deploying process (shape recovery).  

Fig. 11. Process of the folding and deploying tests.  
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completely released. Only the fixed part at the reflector’s bottom has 
stress (1.583 MPa), which may be caused by thermal stress and 
boundary constraints. 

5. Testing 

5.1. Folding and deploying tests 

As shown in Fig. 11, folding and deploying tests were conducted by 
four steps:  

1) After assembling the deployable reflector, including the six bars used 
to fold it, place it into an oven heated to T > Tg (T = 120 ◦C was set in 
the testing) for 15 min, take it out and rotate any three bars 120◦

apart to fold it into a three-petal configuration, and then use the top 
fixing tool to keep the three bars fixed in a perpendicular position.  

2) Put the three-petal reflector into the oven at 120 ◦C for 15 min, take 
out and rotate the remaining three bars to shape the three-petal 
reflector into a six-petal configuration, and then use the same 
method to keep the last three bars fixed in a perpendicular position.  

3) Cool the reflector naturally down to T = RT (Room temperature, 
about 30 ◦C), after which the six bars can be disassembled to unload 
the constraints. The folded shape can be fixed using the SMP itself 
without external force.  

4) When putting the folded reflector into an oven at a temperature of 
above Tg, the reflector will slowly deploy to its original parabolic 

shape. In addition, T = 120 ◦C was set during the initial moment of 
the deploying test. 

Fig. 12 shows the sequences of the deploying process. The folded 
reflector was placed into an oven heated to T = 120 ◦C (Initial deploying 
temperature). The reflector took about 90 s to deploy. Theoretically 
speaking, the reflector with quasi-isotropic lamination would unfold 
uniformly in a constant temperature field. However, it was found that in 
the sequences of 30 s, 45 s, and 60 s, the deploying rate of the reflector’s 
lower right corner is slower than other parts. During the actual test, the 
temperature field is not uniform and constant because the oven door was 
opened to film the unfolding process. The same phenomenon was 
observed with several folding-deploying cycles. This problem may be 
improved using consistent heating elements when it is used in practical 
engineering applications. 

5.2. Shape fixation ratio and recovery ratio tests 

5.2.1. Shape fixation ratio 
A noticeable springback will occur after the constraints are with

drawn (occurring from Image 3 to Image 4 in Fig. 11) because the elastic 
strain yielded during the folding stage is released. The angle deforma
tion before and after unloading constraints can be applied to charac
terize the reflector’s shape fixation ratio. As shown in Fig. 13 (a), three 
pairs of measuring points marked with different numbers and colors 
were used to measure deformation. The small variation distance (2Δx)

Fig. 12. Deploying sequences in the oven.  

Fig. 13. (a) Measuring points of shape fixation ratio; (b) Diagram of angle related to the reflector’s shape spring; (c) Measuring points of shape recovery ratio marked 
on the reflector. 
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between the same pair of points can be measured. In Fig. 13 (b), the 
height of the single petal h = 160mm and fixed angle α = 90◦ are known. 
Therefore, Eq. (1) can be applied to calculate the springback angle β, 
and Eq. (2) can be applied to calculate the shape fixation ratio. 

β = arctan
(Δx

h

)
(1)  

ΦF = 1 −
β
α = 1 −

arctan
(

Δx
h

)

90◦
(2)  

where ΦF is the reflector’s shape fixation ratio, α is the fixed angle, β is 
the springback angle, Δx stands for the reflector edge’s small displace
ment, and h stands for each petal’s length. 

Table 5 records the distance between two points in the same pairs. 
The springback angles and shape fixation ratios were calculated by 
applying the method mentioned above. The changes in angles are very 
small (<5◦) and the fixation ratio’s average value is 95.30 %, both 
showing that the reflector has a high capacity for shape fixation. We can 
find springback in experiment is bigger than that in simulation. It is due 
to the temperature reduction in parts of the materials which are “frozen” 
before completing the folding process. “Frozen” in advance will make 
the materials to store more elastic energy which will be released when 
removing external constraints. Springback can be reduced by folding the 
structure in a constant temperature oven, but it is impractical for large 
structures. In this work, the springback value is about 5 %, which is 
acceptable. 

5.2.2. Shape recovery ratio 
The variation distance of points labeled in Fig. 13 (c) is a simple way 

to characterize shape recovery ratio. This ratio can be calculated using 
Eq.(3), where the initial aperture is 400 mm, so the deployed shape after 
folding can be measured. Six pairs of distances were measured and listed 
in Table 6. The average shape recovery ratio is 99.37 %, showing a 
precious recovery rate of the reflector’s roundness. 

ΦR =
ΦD

Φ0
(3)  

where ΦR represents the reflector’s recovery ratio, ΦD is the aperture of 
deployed reflector after folding, and Φ0 is the reflector’s initial aperture. 

6. Conclusions 

In this study, a lab-scale deployable parabolic reflector based on SMP 
composites was designed and fabricated. Combined with FEA, the 

optimal six-petal folding pattern was determined. The mechanical states 
and energy changes of shape memory behavior during the deformation 
process as well as the deploying time were obtained. In addition, the 
performance of the deployable reflector was evaluated by experimental 
tests. The experimental results demonstrated the feasibility and appli
cability of the designed pattern and analysis method. In accordance with 
the simulation results, the deployable parabolic reflector can be suc
cessfully folded and shaped with the procedure settings of temperature 
and external force, and can be heated to deploy successfully without any 
damage or failure. Obtained results from simulation and testing have a 
promising storage ratio, deploying reliability, shape fixation ratio, and 
shape recovery ratio. This effort will provide useful experience and data 
for further study of large deployable reflectors. 
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