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Pyrotechnic release devices of spacecraft produce high-shock and contamination, which are hazardous.
Mechanical release devices can overcome these disadvantages, but they tend to be complex and costly.
In this paper, new kinds of release devices (smart release devices) with the advantages of no pyrotechnic,
light weight, and simple structure are proposed, which are made of carbon fiber reinforced styrene-based
shape memory polymer composite. The key element of the devices is the shape memory polymer com-
posite cylinder (thin-walled tube). First, the smart release devices are designed based on three different
deformation ways of the cylinder. Second, the deformation models are analyzed to verify the feasibility of
the smart release devices. Then the smart release devices are made according to the design, they agree
well with the simulations obtained from ABAQUS. Finally, the tensile experiments were conducted to
get the structural strength of the devices. Different forms of the deformation were tested and compared,
obtained the release time of the devices.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Traditional pyrotechnic release devices are widely used to
accommodate separation from the launch vehicle and deployment
of solar arrays and other appendages. But they cause unnecessary
contamination and have costly handling requirements due to their
hazardous nature [1]. The United States, Russia and other countries
have used memory alloys as the material of release mechanism in
space fields since 1980s [2,3,4]. The Fast Acting, Shock less
Separation Nut, developed by Strays Research Corporation,
represents a kind of release devices with low-shock and
non-pyrotechnic [5]. However, it is relatively complex in design.
The stockless Thermally Actuated Release Nut (Star Nut) was made
of Elastic Memory Composite in 2003. The Star Nut was provided
with tremendous potential for reduced mass, complexity and cost
[6]. Although the Start Nut has proven to be an inherent simplified
design alternative to FASSN, it did not get the deformation
performance and the release time of the devices. This work repre-
sents a kind of release devices made of shape memory polymer
composites.
Shape memory polymers (SMPs) are stiff like plastic in their
glassy state. However, when they are heated above the transition
temperature (Tg), they become soft and have large strain capability
[7]. Further following a cooling process, they become stiff again
[8,9]. Compared with other smart materials such as shape memory
alloy, SMP possesses the advantages of large deformation capacity,
low density and low cost [10]. However, their drawbacks are low
actuation forces and long recovery time [11–14]. For the sake of
their low stiffness and strength, shape memory polymer compos-
ites (SMPCs), which were filled with particles, carbon nano-tubes,
and short fibers were investigated [15–20]. To date, SMPCs and
their products such as deployable and morphing structures have
been researched and developed, including robotics [21], antenna,
beam and solar array in space [22–24]. Besides, they have obtained
widely use in the smart materials and structures field and other
applications [25–32].

The smart release devices in this work were made of the
carbon-fiber fabric reinforced shape memory polymer composites.
The key to achieve simplicity is same with the Star Nut, they both
use of mechanically simple active element, viz. cylinders. But the
SMPC cylinders in the smart release devices were designed and
created based on different ways of deformation. The bending,
twisting and shrinking recovery deformations were used to drive
the release between the mating halves of the mechanism, so the
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Fig. 1. Stress–strain relations of SMPCs incorporated with carbon-fiber fabric of
different volume fractions at 25 �C.
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Fig. 2. Stress–strain relations of SMPCs incorporated with carbon-fiber fabric of
different volume fractions at 90 �C.

Fig. 3. (a) Design of the inner cylinder in the ‘‘Lotus’’ device. (b) Design of the outer cylin
cylinder in the ‘‘Lotus’’ device. (e) The ‘‘Lotus’’ device.
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corresponding smart release devices were named as ‘‘Lotus’’
device, ‘‘Eight paws’’ device and ‘‘Bamboo’’ device respectively.
Their recovery performances were analyzed to confirm the release
feasibility. Meanwhile, these smart release devices can finish
release upon load with no impacting shock, space debris and
contamination.

2. Materials

In this work, the materials are fabricated by the standard
fabrication techniques for fiber reinforced composite. The SMP is
same with reference [10] and the phase transition temperature
of styrene is 67 �C. Carbon-fiber fabric (T300-3K, plain fabric)
was spread on the glass template and the volume fractions are
3.09%, 4.92%, 23.89% respectively. For comparison, a pure SMP
specimen was cured under the same conditions. Dumbbell
specimens were prepared according to ASTM standard D638, the
thickness of the SMPC specimen is around 2 mm.

From the tensile experiment of the materials at room tempera-
ture (25 �C), as shown in Fig. 1, the maximum stress of SMPC with
4.92% carbon-fiber is 137.25 MPa. It is about 4 times of the styrene.
With the increasing of carbon-fiber fabric, modulus and strength
increased and the strain decreased from 5.61% to 4.44%. Fig. 2
shows the stress of the SMPC decreased significantly at 90 �C and
the styrene became soft. However, the maximum stress of 4.92%
carbon fiber fabric reinforced styrene is 48.92 MPa, which is about
Table 1
Preliminary smart release devices requirements.

Description Specification

Actuation time <30 s
Temperature range 25–90 �C
Actuation power 15 W (min)

Table 2
Characteristics of the SMPC cylinders.

Characteristics The inner cylinder (mm) The outer cylinder (mm)

Long 110 70
The inner diameter 34 66
Thickness 2 2

der in the ‘‘Lotus’’ device. (c) The inner cylinder in the ‘‘Lotus’’ device. (d) The outer
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50 times of the styrene. So SMPC with 4.92% carbon-fiber fabric
was selected as the main material of the smart release devices
due to the identified high modulus and strength at 90 �C. Besides,
it has good deformation in all the materials presented in Fig. 2.

3. Design and fabrication of the smart release devices

In the study, the smart release devices were designed, as shown
in Table 1. The cylinders of the smart release devices were pro-
duced and the relevant characteristics are listed in Table 2.

The ‘‘Lotus’’ device consists of the inner and outer cylinders
with different diameter; it uses the bending deformation as the
driving deployment. Fig. 3(a) and (b) shows the parts of the
Fig. 4. (a) Design of the cylinders in the ‘‘Eight paws’’ device. (b) Design of the ‘‘Eight paw
the ‘‘Eight paws’’ device. (e) The ‘‘Eight paws’’ device.

Fig. 5. (a) Design of the outer cylinder in the ‘‘Bamboo’’ device. (b) Design of the inner cy
The ‘‘Bamboo’’ device.

Table 3
Material parameters of the SMPC.

Carbon fiber ratio (%) Density (kg/m3) Modulus1 (MPa)

0 1.03 6.87
3.09 1.04 24.17
4.92 1.05 33.00
23.89 1.17 42.76

Note: Elongation 1 – elongation of the composites at 25 �C; Elongation 2 – elo
composites at 25 �C; Modulus 2 – young’s modulus of the composites at 90 �C
‘‘Lotus’’ device are: 1-eight arc-shaped deformable laminates,
2-inner cylinder, 3-resistor heater, 4-six trapezium-shaped
deformable laminates, 5-outer cylinder and 6-resistor heater. The
assembling process of the ‘‘Lotus’’ device is: On the one hand,
one side of the inner cylinder was cut into eight arc-shaped
deformable laminates, 13.5 mm in length. Then, the resistor heater
was bonded on the inside surfaces of the inner cylinder, 13.5 mm
in length. Finally, the other end of the inner cylinder was fixed
on the shelf. On the other hand, one side of the outer cylinder
was cut to form six trapezium-shaped deformable laminates with
an angle of 60 degrees (�) to each other, 13.5 mm in length.
Meanwhile, they formed a hole when they were bent to 60�,
38 mm in diameter. Then, the resistor heater was bonded on the
s’’ device. (c) The release state of the ‘‘Eight paws’’ device. (d) The connection state of

linder in the ‘‘Bamboo’’ device. (c) The connection state of the ‘‘Bamboo’’ device. (d)

Modulus2 (MPa) Elongation1 (%) Elongation2 (%)

0.01 16.58 54.08
2.07 5.40 35.97
5.56 4.92 34.69
– 4.23 34.18

ngation of the composites at 90 �C; Modulus 1 – Young’s modulus of the
.



Fig. 6. (a) Mises stress distribution of laminate 1 in the ‘‘Lotus’’ device bent with 45�. (b) Displacement distribution of laminate 1 in the ‘‘Lotus’’ device bent with 45�. (c) Mises
stress distribution of laminate 1 in the ‘‘Lotus’’ device bent with 60�. (d) Displacement distribution of laminate 1 in the ‘‘Lotus’’ device bent with 60�. (e) Mises stress
distribution of laminate 1 in the ‘‘Lotus’’ device bent with 90�. (f) Displacement distribution of laminate 1 in the ‘‘Lotus’’ device bent with 90�.

Fig. 7. (a) Mises stress distribution of laminate 2 in the ‘‘Lotus’’ device bent with 45�. (b) Displacement distribution of laminate 2 in the ‘‘Lotus’’ device bent with 45�. (c) Mises
stress of distribution of laminate 2 in the ‘‘Lotus’’ device bent with 60�. (d) Displacement distribution of laminate 2 in the ‘‘Lotus’’ device bent with 60�. (e) Mises stress
distribution of laminate 2 in the ‘‘Lotus’’ device bent with 65�. (f) Displacement distribution of laminate 2 in the ‘‘Lotus’’ device bent with 65�.
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inside surfaces of the outer cylinder, 13.5 mm in length. Finally, the
other end of the outer cylinder was fixed on the shelf. To facilitate
the cylinders perfectly, the inner cylinder needed to bend outward
(Fig. 3(c)); the outer cylinder needed to bend inward, as shown in
Fig. 3(d). Finally, the two cylinders were installed as Fig. 3(e)
shows. As long as one of the two cylinders deforms, the ‘‘Lotus’’
device will be released.

The ‘‘Eight paws’’ device uses the twisting deformation as the
driving deployment [33]. Its parts are: 1-inner cylinder, 2-resistor
heater, 3-eight-square octagon shaped deformable laminates,
4-laminate with an eight-square octagon hole, 5-outer cylinder.
The fabrication of the ‘‘Eight paws’’ device is shown as follows:
Firstly, one eight-square octagon shaped deformable laminate
was fixed on the inner cylinder; meanwhile, another laminate with
eight-square octagon hole was fixed on the outer cylinder, they
were 10 mm in thickness. The hole is 1 mm bigger than the lami-
nate on the inner cylinder, so the laminate can put into the hole
easily (Fig. 4(a) and (b)). Secondly, the resistor heater was bonded
to the inside surface of the inner cylinder, 20 mm in length.
Thirdly, the inner cylinder was twisted 22.5� above Tg as the
pre-deformation before connection. Then, the inner cylinder was
put into the outer cylinder and the paws were twisted 22.5� to
assemble the cylinders perfectly(Fig. 4(d)); eight barriers were
bonded to the inside surface of the outer cylinder to make sure
Fig. 8. (a) The inner cylinder of the ‘‘Eight paws’’ device. (b) The inner cylinder of the ‘‘Ei
in the ‘‘Eight paws’’ device twisted with 22.5�. (d) Mises stress distribution of the inner cy
the inner cylinder in the ‘‘Eight paws’’ device twisted with 22.5�. (f) Displacement distr
the paws cannot twist over 22.5�, as shown in Fig. 4(c) and (d).
Finally, the other ends of the inner and outer cylinders were fixed
on the shelves; the ‘‘Eight paws’’ device was assembled as Fig. 4(e)
shows. When the instruction of release comes, the inner cylinder
restores to its original shape upon heat, so as to drive the
eight-square octagon shaped deformable laminates twists 22.5�.

Different from the smart release devices above, the ‘‘Bamboo’’
device was made of styrene, as shown in Fig. 5(d). It uses shrinking
deformation to drive the release. The ‘‘Bamboo’’ device was built
up with two similar stepped heat-shrinkable cylinders; each of
the cylinders has two sections. The diameters increase by section
presented in Fig. 5(a) and (b): 1-Third section, 2-Mating conical
surface, 3-Fourth section, 4-First section, 5-Mating conical surface,
6-Second section (first section < second section < third sec-
tion < fourth section). The inner diameter of the inner cylinder is
34 mm. To form the second section, it was expanded to 37 mm
and the length of it is 40 mm; the last part of the first cylinder
named first section. The outer cylinder was expanded to 42 mm
at first, this section called third section, length 40 m; the last part
of the outer cylinder was expanded to 44 mm to make the fourth
section. Mating conical surfaces were formed after the expanding,
which allows the cylinders to make an interference fit with each
other, as shown in Fig. 5(c). The resistor heater was bonded on
the inside surfaces of the second section. In order to make the inner
ght paws’’ device twisted with 60�. (c) Mises stress distribution of the inner cylinder
linder in the ‘‘Eight paws’’ device twisted with 60�. (e) Displacement distribution of

ibution of the inner cylinder in the ‘‘Eight paws’’ device twisted with 60�.
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and outer cylinders fit tightly, the ‘‘Bamboo’’ device was installed
with a preload. When the instruction of release comes, the second
section shrinks to 34 mm, and then the cylinders are separated.
The advantage of this device is that it can be released stably in
the vibration.

4. Model analysis

It is necessary to predict the distribution of stress and deforma-
tion to verify the feasibility of the smart release devices. In this
work, analysis of the displacement and stress were applied by
Abaqus 6.12 package.

According to the results of the tensile test of the materials, the
material parameters of 4.92% carbon-fiber at 90 �C can be obtained
in Table 3, Modulus of elasticity E = 5.56 MPa. Poisson’s ratio
v = 0.35. On the one hand, the simplified model of the inner cylin-
der named laminate 1 with the dimension of length 110 mm,
thickness 2 mm, arc angle 45�, diameter 34 mm. The laminate 1
was bent with angle 45�, 60� and 90� outwards; Fig. 6 shows the
maximum Mises stress are 1.272 MPa, 1.642 MPa, 1.987 MPa
respectively, which concentrate on the middle of the bending part
of laminate 1. On the other hand, the outer cylinder of the ‘‘Lotus’’
device was simplified as a deformable laminate named laminate 2,
whose parameters are: length 70 mm, thickness 2 mm, arc angle
Fig. 9. (a) Mises stress distribution of the inner cylinder in the ‘‘Bamboo’’ device for a give
in the ‘‘Bamboo’’ device for a given parameter P = 0.5 � 10�4 MPa. (c) Mises stress d
P = 1.0 � 10�4 MPa. (d) Displacement distribution of the inner cylinder in the ‘‘Bamboo’’
inner cylinder in the ‘‘Bamboo’’ device for a given parameter P = 1.5 � 10�4MPa. (f) Di
parameter P = 1.5 � 10�4 MPa.
45�, diameter 66 mm. The laminate 2 were bent with 45�, 60�
and 65� inwards presented in Fig. 7; On either side of the laminate
2 has a wrinkle, it increases gradually with the angle; Danger
points concentrate on the two sides of the deforming part.
Therefore, the six laminates break from their sides with excessive
deformation.

The candidate part of the ‘‘Eight paws’’ device was simplified as
a SMPC cylinder, whose parameters are: length 110 mm, thickness
2 mm, diameter 34 mm. Fig. 8(c)–(e) shows the part twisted with
22.5� and 60�, the maximum Mises stress of it is 0.59 MPa and
2 MPa respectively. It concentrated on the outer surface and the
deformation was uniform when the cylinder was twisted 22.5�.
Besides, the cylinder kept the shape of thin-wall tube until it was
twisted 50�. However, when it was twisted 60�, an obvious wrinkle
came out and stress state of the cylinder also changed, as shown in
Fig. 8(d). The SMPC cylinder twists with 45� presented in Fig. 8(b),
and it agrees with the model of the ‘‘Eight paws’’ device shown in
Fig. 8(f). Consequently, the ‘‘Eight paws’’ device is feasible because
it only needs to twist 22.5� for the release, and in this condition the
inner cylinder keeps the shape of thin-wall tube.

Fig. 9 shows the ‘‘Bamboo’’ device was simplified as a deform-
able SMP cylinder with the dimension of length 110 mm, thickness
2 mm, diameter 34 mm. As shown in Table 3, Modulus of elasticity

E = 0.01 MPa, Poisson’s ratio v = 0.40. In order to make the
n parameter P = 0.5 � 10�4 MPa. (b) Displacement distribution of the inner cylinder
istribution of the inner cylinder in the ‘‘Bamboo’’ device for a given parameter
device for a given parameter P = 1.0 � 10�4 MPa. (e) Mises stress distribution of the
splacement distribution of the inner cylinder in the ‘‘Bamboo’’ device for a given



Fig. 10. (a) Tensile experiment of the SMP cylinder (b) Tensile experiment of the SMPC cylinder (c) Tensile experiment of the ‘‘Lotus’’ device (d) Tensile experiment of the
‘‘Bamboo’’ device.
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‘‘Bamboo’’ device, the diameter of the inner cylinder needs to
increase 29.41%. For the pressure to expand the cylinders were
not given, uniform pressure 0.5 � 10�4MPa, 1.0 � 10�4MPa and
1.5 � 10�4MPa were set on the inner surface of the cylinder to sim-
ulate the deformation. The results shows that the maximum Mises
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Fig. 11. Comparisons of Load-elongation relations of the SMP cylinder, SMPC
cylinder, ‘‘Lotus’’ device and ‘‘Bamboo’’ device.

Fig. 12. Bending recovery tests of the inner
stress are 4.6 � 10�4MPa, 9.8 � 10�4MPa and 0.2 � 10�4MPa
respectively. Fig. 9 shows the deformation distributes on the wall
of the cylinder evenly, and its deformation agrees with the design
of ‘‘Bamboo’’ device, as shown in Fig. 5(d).
and outer cylinder in the ‘‘lotus’’ device.
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Fig. 13. Relations between bending angle and time of the ‘‘Lotus’’ device.



Fig. 14. Twisting recovery test of the SMPC cylinder.
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Fig. 16. Relations between twisting angular velocity and time of the ‘‘Eight paws’’
device.
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5. Experimental verification

5.1. Tensile experiments of the smart release devices

As shown in Fig. 10, tensile experiment was conducted using
ZWICK/Z010 with a loading rate of 2 mm/min. Fig. 11 shows the
maximum loads of the SMP cylinder, the SMPC cylinder, the
‘‘Lotus’’ device and the ‘‘Bamboo’’ device are 1602.33 N, 4317 N,
284 N and 430 N, their elongation strains are 4.37%, 5.50%, 8.09%,
2.50%, respectively. The stress of SMPC cylinder is about 5 times
than that of the SMP cylinder. When the elongation comes to
3 mm, the load of the ‘‘Bamboo’’ device is 430 N, almost 10 times
of the ‘‘Bamboo’’ device.

In comparison of the three release device, the ‘‘Eight paws’’
device uses twisting deformation as the driving deployment, it
needs to overcome friction to release and the paws of the ‘‘Eight
paws’’ device cannot withstand too much load, so the ‘‘Bamboo’’
device has the largest structural strength from the design. The
stability of the ‘‘Bamboo’’ device is the better than the ‘‘Lotus’’
device for its locking form is best.

5.2. Deformation recovery test of the smart release devices

From Fig. 12, the surfaces of the SMPC cylinders in the ‘‘Lotus’’
device are heated, and the inner cylinder needs 36 s to bend 90�
outwards. The outer cylinder takes 31 s to bend 90� inwards. To
release the ‘‘Lotus’’ device, the inner and outer cylinders were
heated together and this makes the device has shorter release time.
Because the inner and outer cylinders are separated before both of
them bend to the original shape, thus the bending angel is less than
90�. Presuming the cylinders begin to deform when the tempera-
ture is above Tg, it takes 8 s to recover 60� and 11 s to bend 90�.
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Fig. 15. Relations between twisting angle and time of the ‘‘Eight paws’’ device.
The bending angle has a linear relationship with release time as
Fig. 13 shows. The recovery experiment of the ‘‘Lotus’’ device
was tested upon 15 N; both of the inner and outer cylinders are
given 90� deformation; it takes 30 s to release even if the outer
cylinder was cracked. To ensure the feasibility of the device, the
bending angle should be set in 65� as the model analysis above
shown.
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Fig. 17. Torque–angle relations of the ‘‘Eight paws’’ device.
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Fig. 18. Relations between diameter rate and time of the ‘‘Bamboo’’ device.

Table 4
Comparison of the smart release devices.

Characteristics Lotus Eight paws Bamboo

Actuation time 8 s 15 s 7 s
Release time 30 s 26 s 30 s
Weight 82.03 g 88.03 g 43.73 g
Characters Full release Application of

reverse deformation
Good release stability
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From the twisting recovery test of the cylinder in the ‘‘Eight
paws’’ device shown in Fig. 14, it takes 26 s to twist 22.5� quickly
and smoothly for the SMPC cylinder. Presuming the cylinder begins
to deform when the temperature is above Tg, the deforming time is
about 15 s as shown in Fig. 15 [33]. When the time is 20 s, the
angular velocity is 1.2 �/s. As shown in Fig. 16, there is a rapid
increase and then the curve begins to decline after 30 s. From
Torque–angle relations of the ‘‘Eight paws’’ device as Fig. 17 shows,
the cylinder twists 22.5� with 0.6 N�m upon heat. The torque
increases before 45�, it has a peak value with 45�, after that point
the torque decreases.

In the recovery test of the ‘‘Bamboo’’ device in Fig. 18, it takes
14 s for the cylinder’s diameter to decrease 69%. The ‘‘Bamboo’’
device spends 30 s to release upon 15 N. Presuming the smart
release device begins to deform when the temperature is above
Tg, the actuation time is 7 s. In summary, the three kinds of smart
release devices have different characteristics shown in Table 4,
therefore they are suitable for different occasions.

6. Conclusions

Three kinds of smart release devices, named ‘‘Lotus’’ device,
‘‘Eight paws’’ device and ‘‘Bamboo’’ device, have been designed
and fabricated based on shape memory polymer composites. The
total weights of them are 82.03 g, 88.03 g and 43.73 g. The resistor
heater was applied to actuate the shape recovery process. The
twisting, bending and shrinking deformations were used to drive
deployment in the smart release devices respectively.
Meanwhile, the displacement and stress of the smart release
devices in different deformations have been simulated by model
analysis to verify the feasible of the devices. Besides, the deforma-
tions of the smart release devices in the recovery experience
agreed with that of the model analysis. The release time have been
obtained by the recovery test, this time consist of the heating time
and the actuation time. Through the comparison of the three
release devices, the structural strength and release stability of
‘‘Bamboo’’ device is the best.

It has been found that the smart release devices are better than
current release devices, because they are light weight, mechani-
cally simple, low cost. Besides, these smart release devices can fin-
ish release upon load with no impacting shock, space debris and
contamination. These conclusions and analysis are essential for
many future applications which meet the needs of aerospace
deployable mechanism to release the spacecraft. Next work will
consider using filament winding process or pultrusion process to
produce the smart release devices to achieve large carrying
capabilities.
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