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In this paper a concept of hybrid intelligent hinge is proposed to improve the deployment efficiency of
the intelligent hinge. The hybrid intelligent hinge system consists of two shape memory polymer thin
shells and one spring sheet based on the win-win considerations. The bending moment of hybrid
intelligent hinge system is predicted theoretically. The bending process of hybrid intelligent hinge system
is simulated and divided into three typical stages which correspond to three different bending mecha-

nisms. The bending experiments are then performed to verify the recovery ability of hybrid intelligent
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hinge system. A parametric analysis is then carried out to obtain the bending rules of hybrid intelligent
hinge system, based on which the hybrid intelligent hinge system with a variable range of recovery
moment can be designed. The results obtained in this paper give a guide to design a promising intelligent
hinge of deployable structures.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The intelligent hinge using elastic memory composite (EMC)
was first proposed by the company of Composite Technology
Development (CTD). Then the application of the EMC hinge was
developed in the field of aerospace industry [1]. In the mission of
TacSat-2, the EMC hinge was applied in its one wing [2]. Then with
the support of DR Technology, considering the low cost, CTD
applied the intelligent hinge in the deployable solar array of TacSat-
4 [3]. Compared to traditional mechanical actuators, intelligent
hinge is simple and lightweight, while it decreases the impact from
the deployable process [4]. However, the application scope of
intelligent hinge is restricted by low deployment moment or effi-
ciency. To tackle this problem, more feasible approach of configu-
rations [5—16], optimization of material properties [17—34] and
advanced manufacturing technologies [35—52] should be per-
formed to enhance the recovery ability. In case the tunable recovery
moment of the intelligent hinge is realized, a bigger power will be
achieved than we can image in deployable structures [53—72].

In recent years, the deployment performance of the intelligent
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hinge was investigated by several scholars. Kim et al. [73] proposed
a tape spring intelligent hinge and then solved its nonlinear
behavior problem in experimental ways. Picault et al. [74] shown
the large change of in-plane cross-section shape of tape spring
hinges, which used the experimental results and dynamic methods.
Soykasap et al. [17] explored a new configuration of carbon fiber
reinforced plastic by geometrically nonlinear finite element
modeling. Kwok et al. [4] shown a viscoelastic polymer tape spring
hinge. And they investigated the change of relaxation modulus,
which was based on the effect of geometric nonlinear, time and
temperature dependence. Leng et al. [ 75] provided a new prototype
of intelligent hinge that can give a higher bending moment. Then
they investigated the fundamental thermal and mechanical prop-
erties of intelligent materials by using differential scanning calo-
rimetry, dynamic mechanical analysis, and tensile test [76]. Jeong
et al. [77] proposed a novel design of tape spring hinge, which can
maximize the deployment stiffness and torture. Ahn et al. [78,79]
investigated a smart soft composite hinge actuator and intro-
duced the manufacture of this hinge actuator. Then the maximum
bending curvature was studied in experimental ways. Nevertheless,
the low recovery efficiency of intelligent hinge still can never
escape our attention, which restricts the application of intelligent
hinge.

In this paper, based on a creative method, the mechanical design
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of hybrid intelligent hinge system is proposed. This system is made
up of two shape memory polymer (SMP) thin shells and one spring
sheet, which enhancement of bending moment is expected by this
configuration. The theoretic predictions of bending moment of
intelligent hinge system are achieved by the theory of plates and
shells. The large deformation simulations [80] of hybrid intelligent
hinge system make it possible to divide the bending process into
three typical stages. With bending stages different, the corre-
sponding bending mechanisms are different. Verification of re-
covery ability of the hybrid intelligent hinge system is performed by
experimental results. For bending rules to obtain, it is necessary to
conduct the parametric analysis of the hybrid intelligent hinge
system. Upon realizing the tunable recovery moment, the hybrid
intelligent hinge will have a promising future in deployable
structures.

2. Design and analysis of hybrid intelligent hinge
2.1. The concept of hybrid intelligent hinge

In this part, we develop a kind of hybrid intelligent hinge with
thermosetting SMP and spring sheet, which is based on the win-
win considerations. For one thing, intelligent hinge is only made
up of pure SMPs, which its deployment time usually needs hun-
dreds of seconds [4]. However, due to the outstanding properties,
especially in aspect of self-lock and self-deployment, SMP intelli-
gent materials have an advantage in deployable structures. For
another, opposite to the gentle deployment behavior of the SMP
hinge, large elastic strain energy will release instantly when spring
sheet hinge has a large deformation. And this instant shock will
probably cause a disaster, such as the disorder of the satellite
system.

Fig. 1 illustrates a hybrid intelligent hinge system in its full
deployable state, containing two SMP thin shells and one spring
sheet, with two polyimide heaters as heating layers. With the
support of heating layers, the reshaping of two SMP shells can be
achieved by heating up to its glass transition temperature. Then the
large elastic strain energy will not instant release because of self-
adoptability of SMP. Independence of the hybrid intelligent hinge
system can be achieved by simplifying the deployment form, which
improves the deployment efficiency in deployable structures.

-————

-~ -

heating layer

spring sheet

Fig. 1. The hybrid intelligent hinge system.

2.2. Bending moment of intelligent hinge

Polymer shells researched here are cylindrical shells, which its
cross-sections have curvatures. Bending approaches of the SMP
shell include opposite-sense bending and equal-sense bending.
Generally, the cylindrical shell will have a higher sectional moment
of inertia when compared with the plate structure. Thus, a larger
bending stiffness can be achieved by this sectional configuration.
Fig. 2 is the model of polymer shell. According to the theory of
plates and shells, the bending moments are

My = D(kx + vky) (1)

My = D(ky + vkx) (2)

where kx and «, are curvatures in different directions, D is the
bending moment of the polymer shell. When polymer shell is in the
state of equal-sense bending, the changes of curvatures are

/<X:0—%:—l
(3)
1 1
Ky:E_O:E

the elastic strain energy produced by larger deformation of poly-
mer shell can be expressed as:

Rry0 T
U= Tw (kx, ky) (Mx, My) (4)
then substituting Eqgs. (1) to (3) into Eq. (4), according to principle of
minimum potential energy, it is formulated as:

U 6D o (R r
E*T'&(ﬁrz”)*o )

next substituting the result R = r into Eq. (1), which result in:
My=5(1+v) (6)

then integrating Eq. (6), the equal-sense bending moment can be
written as:

s1=0R

so=0

the same procedure could be adapted to opposite-sense bending
moment:

S]ZﬂR
Myds = D(—1 + v) (8)

So=0
where bending stiffness is

Et3

D:12(1 —?)

9

Egs. (7) and (8) indicate that bending moments have no rela-
tionship with the length and sectional radius of a polymer shell.
And a linear dependence is found between bending moment and
shell sectional angle, when shell thickness stays a constant. In
response to this, if shell sectional angle is a constant, there is a
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Fig. 2. The model of SMP shell.

power function relationship between bending moment and shell
thickness.

On the other hand, in the « — § — y orthogonal curvilinear co-
ordinate system, due to pure bending state of the polymer shell,
membrane internal force and torque of unit width in the middle
surface are equal to zero. Hence, according to the internal equations
of shell, we obtain following equations:

Fry = - 5 (e1+ve2) =0

Fry = +ve1) =0

=15 (e2 + veq) (10)
Et

Friz = Frz1m€12 =0

M1z =M1 = (1 -v)Dy1, =0

where Frq, Fr1p are unit width tension (or pressure), shear force
applied in « plane. Fry, Fr»q are counterparts in (§ plane. e1, ¢, are
linear strain in «, § direction and 15, x;, are shear strain, torsional
curvature in both planes. Therefor

e1=ey=¢e12=X12=0 (11)

without considering the influence of g3 on the deformation of
polymer shell, by using physical equations, we can obtain the
equations:

N=1 2 [(e1 +vea) + (X1 +vX2)7h]
=15 [(e2 +ver) + (X2 +vX1)Vh] (12)
g3=0
E
T2 = m(ﬁz + 2X127h)

where a1, 05, 713 are normal stress and shear stress in «, § direction,

X1, X2 are changes of principle curvature in «, § direction, v, rep-
resents the distance that surface is parallel to the middle surface.
Then substituting Eqs. (3) and (11) into Eq. (12), the stresses can be
expressed as:

E E
01=1j’};2(X1+VX2)=R(171’hV2)(1*U)

Evy Evp
= + =—=t—(v-1
p; 1_v2(Xz vX1) R(1_U2)(v ) (13)
0'3:0
712:0

In addition, by using the results ¢; = —03 and v, = t/2, and then
according to the Mises Criterion:

(01 = 02)* + (02 — 03)* + (03 — 01)* < 207 (14)
the ratio range of t/R can be given by:

t_ 2V3(1 + v)os

R~ 3E
Based on the analysis of polymer shell, bending moment of the

spring sheet is easy to deduce by analogous method, utilizing Eq.

(15)

(1) and the changes of curvatures kx = —1/r, ky = 0, the bending
moment can be expressed as:
f/ D E3
a
M. — S \dy = —— =57 16
s /( rs) YT T2 (1- ) (16)
0

where parameters of the spring sheet refer to that of polymer shell,
and the subscript s accordingly indicates the spring sheet. As for the
bending moment of the intelligent hinge system that should
include three separate parts. Linear superposition of bending
moment can be applied to two polymer shells, and a correlation
coefficient should be added when considering the function of a
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spring sheet

M = 9Mp + EM; (17)
where 7 is the number of polymer shells, £ is the correlation coef-
ficient that can be obtained by simulations or experimental results.

2.3. Bending behaviors of intelligent hinge

The bending behaviors of the single polymer shell, spring sheet,
two polymer shells and hybrid intelligent hinge system are ob-
tained and compared in Fig. 3. The whole bending process can be
divided into three typical stages: the stage I of initial linear bending,
the stage Il of energy loss and stage III of deforming resistance of
spring sheet. These three typical stages correspond with three
bending mechanisms. In stage I of initial linear bending, Fig. 3(a)
indicates that increasing moment of hybrid intelligent hinge sys-
tem is mainly produced by two polymer shells. Spring sheet is not
functional in such a slight rotation. In stage II of energy loss, a
change of relative displacement of shell cross-section can explain
the reason why the moment-rotation curve has a sharp decline in
Fig. 3(a). Relative displacements of two shells cross-sections are

(a)

1
07 @ ~ :
1
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— > Folding Deployment «———
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convex shapes originally in stage Il. However, due to a slight
increasing of rotation, the cross-sections are transformed from
convex shapes to concave shapes. The mutation of sectional shape
can induce a large energy loss, based on which the dramatic
decrease of bending moment can be found in Fig. 3(a). The rein-
forcement of spring sheet is gradually appearing in stage II, which
explains the reason of fluctuation in decline process. In stage III of
deforming resistance of spring sheet, dominant status of spring
sheet can be accomplished by a relative large rotation. Deforming
resistance of spring sheet can give a moderate moment increasing
of hybrid intelligent hinge in the bending process. Moreover,
dominant status of spring sheet will become more and more
apparent, until submerging the energy loss process because of two
polymer shells. Finally, the bending tendency of hybrid intelligent
hinge will be similar to spring steel counterpart without any large
energy loss.

According to Fig. 3(b), the bending moment of spring sheet has
an upward tendency. Not like the linear increasing, sharp increase
of the single polymer can be found initially in curve. And then the
curve reaches a peak in 13.7°, after this, with the dramatic decline, a
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Fig. 3. The bending behaviors of hybrid intelligent hinge system.
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Fig. 4. Mechanical Testing of SMP. (a) Dynamic mechanical analysis. (b) Tensile testing.
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(b)

laser cutting

Fig. 5. Fabrication and experiment of hybrid intelligent hinge. (a) To (d) fabrication processes of SMP shell. (e) Specimen of hybrid intelligent hinge. (f) Deployable moment testing.
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Fig. 6. Experimental data of deployment moment (thickness of spring sheet is
0.6 mm).

period of gradual increase can be discovered. Similarly, intelligent
hinge made up of two polymer shells has a significant increase
trend, growing from 0° to 16.9°. Then the curve decreases abruptly
and reaches the bottom at 62.1°. Finally, bending moment has a
modest increase from 62.1° to 180°. In conclusion, enhancement of
bending moment can be achieved by adding the number of shells.
And the predominating function of spring sheet can be found in

both folding and deployment processes. Meanwhile, through
comparing the bending behaviors of different shells numbers, we
find two polymer shells reaching the highest point is later than that
of a single shell in Fig. 3(b). This indicates that the energy loss of
bending process of intelligent hinge can be postponed by multiple
polymer shells. However, the corresponding highest point of hybrid
intelligent hinge system is earlier than others. This is because, due
to adding the spring sheet, configuration approach of hybrid
intelligent hinge makes it possible to transfer stress more quickly
from end region of hybrid intelligent hinge to middle region. And
this special bending mechanism induces the instability of hybrid
intelligent hinge system initially.

2.4. Experimental verifications of intelligent hinge recovery ability

In order to explore the recovery ability and to demonstrate an
application potential of the intelligent hinge, the fundamental
mechanical performance testing of SMP should be conducted
firstly. In dynamic mechanical analysis, as shown in Fig. 4(a), glass
transition temperature is defined as peak value of the loss factor,
the value is 100 °C. In contrast, statics mechanical testing or tensile
testing in Fig. 4(b) indicates that elastic modulus will decrease
along with the temperature increasing. And the minimum value of
elastic modulus is also the glass transition temperature. In addition,
the fabrication processes of SMP shell is shown in Fig. 5. Firstly, the
uncured SMP liquid is poured into mold with the silicone rubber
seal strips (as shown in Fig. 5(a) and (b)). Next, the fixture system
with uncured SMP liquid is put into the oven for curing at 150 °C for
5 h (as shown in Fig. 5(c)). Finally, the available SMP shell is formed
by laser cutting (as shown in Fig. 5(d)). As for the hybrid intelligent
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Fig. 7. The influence of spring steel parameter on recovery ability of intelligent hinge.

hinge, using the same methods, another SMP shell can be fabri-
cated. By introducing the spring sheet (as seen in Fig. 5(e)), an
available hybrid intelligent hinge can be achieved. Then recovery
ability of intelligent hinge can be verified by experimental results
and simulations. Based on shape memory effect of SMP, in the at-
mosphere of glass transition temperature, the hybrid intelligent
hinge system will exert a recovery moment on outside restraint (as
shown in Fig. 5(f)). Hence, deployment moment of hybrid intelli-
gent hinge can be achieved by using electronic tensile tester with
the temperature box. As seen in Fig. 6, the range of deployment
moment is from 3500Nmm to 4000Nmm when outside constant
temperature is 100 °C. Moreover, not like the pure SMP intelligent
hinge, its deployment time usually needs hundreds of seconds [4].
The deployment testing is carried out to demonstrate the excellent
recovery ability of hybrid intelligent hinge system, and the
deployment time is about 80s. In conclusion, the enhancement of
recovery ability can be achieved by the hybrid intelligent hinge
system with SMP shells and spring sheet.

2.5. Parametric analysis of intelligent hinge

In numerical simulations, by creating the 3D shell models,
simulation models of polymer shells and spring sheet can be

established in ABAQUS. And the geometric nonlinearity should be
opened in simulations process. By exerting the rotation angle at
each end of hinge, the nonlinearity large deformation of hybrid
intelligent hinge system can be realized. As for two polymer shells,
Eq. (7) indicates that the bending moment has no relationship with
the length and sectional radius of the polymer shells. The linear
dependence and power function relationships can be found in
relative parameters. Hence, based on the simulations and theoretic
derivations, the thickness and sectional angle of polymer shells are
set as 2mm and 120°. As for spring sheet, Eq. (16) indicates that the
bending moment has a power function relationship with thickness
of spring sheet, and a linear dependence with sectional span length
of spring sheet. Based on simulations and experimental results, by
comparing material properties of SMP and spring sheet, the
bending moment of hybrid intelligent hinge system is mainly
depended on thickness and sectional span length of spring sheet.
Considering the dominant status of spring sheet in bending pro-
cess, the parametric analysis of hybrid intelligent hinge system can
be illustrated in Fig. 7.

As shown in Fig. 7(a), the thickness of spring sheet has a great
influence on recovery ability of hybrid intelligent hinge. With the
thickness increasing, recovery moment is increased accordingly. In
Fig. 7(a), the thickness of spring sheet is increased from 0.1 mm to
0.6 mm, which the mass of spring sheet is increased by six times.
However, the recovery moment of hybrid intelligent hinge from
51.56 N to 4394 N is increased by 85 times. Therefore, with the
spring sheet thickness slight increasing, recovery ability of hybrid
intelligent hinge has a great enhancement. Two bending tendencies
can be found in Fig. 7, which are spring sheet bending tendency and
polymer shell bending tendency. In this paper, we refer to the
dominant status of spring sheet which will become more and more
apparent. Just as the change of bending tendency in Fig. 7(a), with
the thickness increasing, energy loss because of two polymer shells
is submerged by dominant status of spring sheet. Hence, by
choosing the proper thickness of spring sheet, we can achieve a
special hybrid intelligent hinge, with the great enhancement of
recovery efficiency, without any large energy loss. Hybrid intelli-
gent hinge with 0.6 mm thickness spring steel will be selected here.
According to Fig. 7(b), due to the linear relationship between
sectional span length and bending moment, increasing of sectional
span length will not change a polymer shell bending tendency. In
addition, considering assembly relationship of the hybrid intelli-
gent hinge, we use the projected span length of the polymer shell as
the sectional span length of spring sheet. In conclusion, through
performing the parametric analysis of hybrid intelligent hinge, the
bending rules of hybrid intelligent hinge system can be achieved.
And the hybrid intelligent hinge system with a variable range of
recovery moment can be designed.

The single use of hybrid intelligent hinge is not the final aim in
this research, which series or parallel or hybrid use will develop the
application scope. Through the combined use of multiple hybrid
intelligent hinges, a controlling nonlinearity intelligent hinge
tunable system will be achieved. Meanwhile, based on the para-
metric analysis of hybrid intelligent hinge, a variable range of re-
covery moment makes it possible to design a promising intelligent
hinge of deployable structures.

3. Conclusion

A hybrid intelligent hinge with two shape memory polymer thin
shells and one spring sheet is investigated in this paper. Then an-
alyses of bending behaviors are carried out to guide the parametric
design of hybrid intelligent hinge. And the dominant status of
spring sheet can be found in the whole bending process. The main
conclusion can be illustrated in terms of the following points.
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Firstly, the whole bending process of hybrid intelligent hinge can be
divided into three typical stages: the stage I of initial linear bending,
the stage II of energy loss and stage III of deforming resistance of
spring sheet. The relative displacements of shell cross-sections are
changed from convex shapes originally to concave shapes in stage
II. And due to this mutation of sectional shape transition, the large
energy loss induces the dramatic decrease of bending moment.
Secondly, through the parametric analysis of hybrid intelligent
hinge, the bending rules of hybrid intelligent hinge system can be
obtained. Recovery ability of hybrid intelligent hinge is very sen-
sitive to the thickness of the spring sheet. Finally, based on the
mechanical design of the hybrid intelligent hinge, a variable range
of recovery moment will make it possible the combined use of
multiple hybrid intelligent hinges. And a promising application of
this hybrid intelligent hinge will be achieved by the obtained re-
sults in this paper.
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