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Abstract An optimal design approach is developed for a self-
driven, self-locking tape-spring under a pure bending load in
deployable space structures. A novel hinge with three tape
springs is investigated and designed via an optimization pro-
cess. Firstly, we investigate the steady-state moment and max-
imum stress of the hinge during deploying and folding pro-
cesses using physics-based simulations. Experimental analy-
ses are then conducted to verify the physics-based simulation
results. Secondly, a parametric analysis is carried out to prove
that both the tape spring thickness and subtended angle have
significant effect on steady-state moment. A Response
Surface Methodology (RSM) is employed to define an opti-
mal surrogate model aimed at maximizing the steady-state
moment, subjected to allowable stress. Finally, the Large
Scale Generalized Reduced Gradient (LSGRG) optimization
algorithm is used to solve the optimal design problem.
Optimization results show that steady-state moment is in-
creased by 19.5% while satisfying a maximum stress con-
straint. The proposedmethod is promising for designing novel
deployable structures with high stability and reliability.

Keywords Tape-spring hinge . Deployable structure . Space
structure . Driving ability

1 Introduction

A tape-spring is a thin-walled, open cylindrical structure with
a natural curved cross-section used in deployable space struc-
tures. Carpenter’s tape is the most similar physical example of
a tape-spring. This advanced tape-spring can be elastically
folded and automatically deployed through the release of
stored energy, there are many advantages in comparison with
conventional deployable structures adopting pin-joint connec-
tions. Moreover, the striking strengths of light weight, low
cost, and friction insensitiveness make it popular for space
applications. When the tape-spring encounters a coupling mo-
ment, the spring yields to the short axis (perpendicular to the
length of the tape-spring), in which the mechanical responses,
such as moment-rotation relationship and energy variation are
nonlinear and direction dependent. As is shown in Fig. 1, if the
direction of couple is opposite to the natural transverse curva-
ture, the tape-spring produces a sudden snap-through buckling
to form a reverse folding. In contrast, a more gradual positive
folding is generated if the direction of couple is in the same
direction as the transverse curvature (Seffen et al. 2000).

Analytical developments on tape springs linking the rota-
tion angle and moment responses were first introduced by
Wuest (1954) andMansfield (1973). Recently, a classical shell
model with large displacements and large rotations was de-
fined via a dynamic physics-based simulation model, and the
equation of steady-state moment for the tape-spring is given
by theoretical derivation (Seffen et al. 2000; Seffen 2001;
Guinot et al. 2012; Bourgeois et al. 2012). In addition, the
folding is extended to the third-dimension and the relation-
ships between moment responses, curvatures, as well as
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torsion angle are predicted by using a variational approach
(Walker and Aglietti 2004). The experimental set-up is de-
signed to verify the analytical results of peak moment,
steady-state moment, and torsional moment (Walker and
Aglietti 2006).

After identifying the mechanical attributes of a tape-spring,
the design of the tape-spring hinge consisting of two or more
single tape springs was investigated. Two main forms of the
tape-spring hinge are designed for deployable space struc-
tures. The first of which is the tube hinge (a tube with two
or more cutting slots). The second deployable space structure
design is a general tape-spring hinge (a hinge with two or
more tape springs). The tube hinge, made of composite mate-
rial, is constructed with two and three cutting slots, and mo-
ment responses are investigated theoretically and simulated
based on experimentally verified physical models (Yee and
Pellegrino 2005; Soykasap 2009; Mallikarachchi and
Pellegrino 2011). Tape-spring hinges consist of differing lay-
outs which result in various design diversity. Santer (2010)
uses two tape springs and two straight strips to construct a
bistable jumping hinge and gives the equations of motion,
verified computationally and experimentally. Dewalque et al.
(2016) utilized quasi-state analysis for a two paratactic tape
spring layout to investigate moment and vonMises stress with
respect to rotation. The three tape-spring hinge is exam-
ined to determine the maximum holding moment and
minimum driving moment by Sicre and Givois, (2005).
Additionally, the self-locking phenomenon is studied via
quasi-static analysis along with torsional response within fold-
ing and deploying processes by Hoffait et al. (2010). The
multi-body dynamics of a solar array driven by a three tape-
spring hinge is explored alongside the kinematic equations for
the solar panels by Kim and Park (2015). Deploying process
moments with respect to deploying angle for these hinges are
investigated by Sicre and Givois, (2005), Kim and Park
(2015). Soykasap (2007) investigated the folding process mo-
ment of a four tape-spring hinge with a cross layout configu-
ration computationally. It has been shown that tape-spring
hinges have sufficient driving ability, and in fact the
overshoot of a solar panel in a deploying process is likely
and should be avoided to decrease the risk of vibration.
Based on this, Ju et al. (2012) compared three kinds of tape-

spring hinge designs to decrease the overshoot using compu-
tational and experimental methods. The tape-spring hinge
with dampened deployment is investigated experimentally
and compared to simulated results by Dewalque et al. (2015).

Table 1 is given to illustrate the overview of the research for
tape-spring hinges. It is shown that although a tape-spring
structure is simple, geometric parameters and layouts result
in drastic mechanical attribute differences. Therefore selecting
optimal design of geometric parameters and layouts is essen-
tial to obtaining excellent mechanical attributes. Response
Surface Methodology (RSM) (Hou et al. 2012 and 2014) is
introduced to describe the explicit relationship between
parameters and resultant mechanical attributes for this
purpose. Yin et al. (2015) solved the equations related to this
explicit relationship within proper constraints. Yang et al.
(Yang et al. 2014 and 2015) optimized slot length and slot
width of the double-layer tape-spring hinge on peak moment
through multi-objective optimization with a modified Non-
Dominated Sorting Genetic Algorithm (NSGA-II) based on
RSM. Dewalque et al. (2016) investigated the geometric in-
fluence on tape-spring hinge mechanical attributes for reflec-
tor deployment, and presented an optimal procedure for min-
imizing the maximum stress and motion amplitude given in
deploying scenarios.

This paper shows a novel optimization process for tape-
spring hinge design. The mechanical attributes of a specially
designed tape-spring hinge are investigated with numerical
simulation that was validated by experimental results.
Furthermore, the optimal model with maximum steady-state
moment subject to an allowable stress limit is established.
Based on the parametric analysis, the thickness and subtended
angle of a given tape-spring are selected as design variables.
RSM is used to define the explicit relationship between re-
sponses and design variables. The Large Scale Generalized
Reduced Gradient (LSGRG) algorithm is employed to solve
the optimization problem.

2 Physics-based simulation

2.1 Single tape-spring analysis

The geometry of a specially designed tape-spring is
shown in Fig. 2. The cross section includes subtended
angleθ, uniform thickness t, radius of curvature R, length
L, and the two clamped ends with width b. These
clamped ends are used to fix the tape-spring in folding
and deploying mechanisms. The material properties of a
steel alloy from which the tape-spring is constructed are
L = 120 mm, t = 0.15mm, R = 18 mm, θ = 90∘, b = 20mm,
E = 200GPa, andυ = 0.3.

ABAQUS, a finite element analysis (FEA) software pack-
age, is used to model the tape-spring. An assumption is given

Fig. 1 Schematic diagrams of positive and reverse folding
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that a small-strain, large-displacement behaviour of the line-
arly elastic material exists in dynamic folding; therefore, a
quadrilateral shell element with four corner nodes and five
degrees of freedom (S4R5) at each node is selected to model
the spring. To achieve pure bending, two reference nodes are
established and connected to the edges of the tape-spring end
cross-section through multi-point constraints (MPC), on
which the specified equal (in magnitude) and opposite (in
direction) angular displacements are applied,. One of the ref-
erence nodes is permitted to rotate about the axis of bending,
while the other is free to translate and rotate. These details are
illustrated in Fig. 3. If reference node 1 (RF-1) is 90∘and
reference node 2 (RF-2) is −90∘, the folding process is con-
sidered to be positive folding, thus if RF-1 and RF-2 have
opposite rotations, this case is considered to be reverse fold-
ing. Starting from a fully folded configuration, the two refer-
ence nodes are given the opposite angular displacements

discussed above and the tape spring will rotate back to its
initial straight state, thus achieving the deploying process.
Take positive folding for example, the folding process is
achieved with RF-1 at a 90∘ rotation and RF-2 at a −90∘

rotation; whereas, the deploying process is achieved via set-
ting RF-1 to −90∘ and RF-2 to 90∘. It is worth noting that
rotation angle is defined as the angle between two generatrices
of the cylinder shell as seen in Fig. 1.

The commonly known process of folding and deploying of
a tape-spring is given in Fig. 4 (inspired by Seffen et al.
(2000)). Detailed descriptions and a simplified diagram are
given by Seffen et al. (2000) in which the major features of
moment variation were reviewed. For a tape-spring folded in a
reverse sense, the moment variation increases linearly over a
small rotation range, followed by a peak moment (Mmax

þ ,
1719.72 N.mm), and a vertical drop follows at this value of
the moment due to buckling. Then the moment remains con-
stant up to a fully folded state and is theoretically equal to the
steady moment (M*

þ, 153.03 N.mm). During deploying, the
moment follows almost the same path of folding but snaps
back at smaller rotations associated to buckling. The inconsis-
tency between folding and deploying is responsible for hys-
teresis phenomenon resulting in self-locking of a hinge in the
straight configuration. As for a positive sense, asymmetrically
local deformations move along the tape-spring and then in-
duces symmetric folding at the end. The moment response in
this folding process is similarly characterized using peak mo-
ment (Mmax

− , 1436.31 N.mm) and an approximately steady

moment (M*
−, 83.80 N.mm). However, for positive deploying,

it is commonly assumed that the deploying path is
superimposed on the folding state (Dewalque et al., 2016),
while the moment evolution snaps back at the same rotation
with a reduced peak moment. It is shown that local deforma-
tion results in torsion; therefore, the peakmoment in folding is
fluctuant and higher than that in deploying processes as

Table 1 Overview of previous research on tape-spring hinge

Forms Researchers Research objective Main works (findings)

Tube hinge Yee and Pellegrino 2005 tube hinge • structure: composite tubes with two and three slots
Soykasap 2009

Mallikarachchi and Pellegrino 2011 • analytical expression given linking moment and curvatures

Tape-spring hinge Santer 2010 two tape springs • new structural design

Dewalque et al. 2016 • kinematic and mechanical attributes analysis

Sicre and Givois 2005 three tape springs • new structural design

• driving and locking abilities determination using simulation
and experiment

Hoffait et al. 2010

Kim and Park 2015 • kinematic analysis for solar panels using tape spring hinge

Soykasap 2007 others • moment investigation of hinge with cross tape-spring layout
Ju et al. 2012

Dewalque et al. 2015 • new structural design and damping introducing to weaken
overshoot in deployment process
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Fig. 2 Geometry model of a tape-spring
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depicted in Fig. 4. Apparently the steady-state moments in a
deploying process are equal to the values observed in the
folding process, and the corresponding processes are relative-
ly stable. Therefore, we only focus our attention on the steady-
state moment variation in the deploying process.

2.2 Three tape-spring hinge analysis

Compared with a single tape-spring hinge, a three tape-
spring hinge possesses a smooth stress distribution and
improves the moment to guarantee stability of the deploy-
able structure. Therefore, the mechanical attributes of a
three tape-spring hinge are explored in this work. This
hinge is constructed with two tape-springs set side-by-side,

with a third set in the opposite direction between the first
two as shown in Fig. 5. The main parameters include the
horizontal distance between the centroid of the spring
cross-sections, recorded as hl = 32.4 mm, and the vertical
distance, recorded as sl = 16 mm.

The quasi-static method with ABAQUS/Explicit solver is
used to solve highly nonlinear problems, as is the case in this
three tape-spring hinge. Considering the small strain, warping,
and deformation of a tape-spring due to high nonlinearity, the
tape-springs are meshed with S4RSW shell elements. Two
reference nodes are set at each cross-sectional centroid and
connected to the rigid ends of the hinge using Tie constraints.
Degrees of freedom are the same as those discussed in the
previous section on single tape-spring hinges. The geometric

(a) Geometric model and boundary conditions (U represents translation while UR 

indicates rotational degrees of freedom)

(b) Finite element model 

Fig. 3 Tape-spring
representation
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and FEA models are shown in Fig. 6. To dissipate the kinetic
energy produced in the quasi-static folding, the simulation
must run for 100 s to ensure the hinge stabilizes. Following
the physics-based simulation, the fully folded configuration
and stress distribution contour of the three tape-spring hinge
are obtained and given in Fig. 7. It is shown that the maximum
stress is distributed throughout the folded region of the reverse
tape spring. From this fully folded state, a quasi-static simu-
lation of the three tape-spring hinge deploying process can be
achieved by adopting the degree of freedom settings discussed
in Section 2.1.

Energy variations have been plotted in Fig. 8. The strain
energy profile is mostly symmetric with two spikes during
folding at a rotation of 0.94∘ and25∘, respectively. It is
observed that the snap-through buckling of the reverse
folding tape spring leads to the first spike in the folding
process, while the second spike is a result of local defor-
mation of the positive folding tape-spring. The spikes do
not appear at the same rotation within the deploying pro-
cess. Strain energy decreases almost linearly until the rota-
tion angle reaches10∘, at this point the transition corre-
sponds to the hinge snapping back. Then, strain energy
declines at a considerably faster rate until it is fully de-
ployed. The non-zero strain energy of the hinge is obtained
to indicate that the structure has small permanent deforma-
tion. Since the amplitudes of these three kinds of energy
are not at the same magnitude, the characteristics of kinetic
energy and energy balance with respect to rotation are not

obvious as shown in Fig. 8. Therefore these values are
enlarged to observe the changing of the kinetic energy
and energy balance through the entire process. It is shown
from the curve being enlarged that the kinetic energy re-
mains approximately zero, with the exception of two jumps
corresponding to spikes of strain energy at respective rota-
tions. Energy balance increases slowly to a small value,
then it jumps to a relatively high value and remains con-
stant until the hinge fully deploys. The energy balance
remains fairly constant throughout the folding and
deploying simulation cycle. In addition, the kinetic energy
is negligible compared to strain energy, which indicates
that the response is quasi-static, implying that the results
are accurate. On the other hand, the energy variations in a
deploying process are more stable than in a folding pro-
cess; therefore the investigation is performed on the
deploying process.

Comparisons between moments obtained computation-
ally and experimentally are shown in Fig. 9. The moment
observed computationally grows to a peak and then snaps
back to a smaller value followed by an approximate con-
stant 238.7 N.mm until the folding is completed. The peak
corresponding to the buckling of the opposite tape spring
in the hinge has a value of 14,847.7 N.mm. For a deploying
simulation, its moment follows a very similar path as the
folding process. However, in this case moment has no snap
back to the originally straight state and appears due to
some permanent deformation of the tape-spring. This can
also be found in energy curves with residual strain energy.
In light of these results, the experiment is essential to the
development of an accurate finite element model. An ex-
perimental set-up can be seen in a publication by Ye et al.
(2017). Note that from full folding, the experimental mo-
ment remains constant up to a rotation of 10∘, after which
the moment can’t be recorded due to the fast snap speed. In
addition, the observed steady moment is 232.1 N.mm,
which is less than that observed through simulation due
to the friction between the guide rails.

From the results of Section 2.1, the simple superposition of
one reverse bending tape-spring and two positive bending
tape-spring produces a critical moment of 4592.34 N.mm
and a steady-state moment of 320.63 N.mm. It is obvious that
the critical moment and steady-state moment of a three tape-
spring hinge are not equal to the simple addition of single
tape-spring hinges.

3 Experimental validation

To validate the finite element models described earlier in this
work, experiments were conducted on a three tape-spring
hinge. The experimental apparatus consists of an active driv-
ing shaft fixed to a rigid base and a passive driving shaft
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Fig. 5 Layout of three tape-spring hinge
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mounted on a slide way. The drive shaft limits all rotational
degrees of freedom in order to achieve pure bending. The slide
way provides a way to guide the horizontal motion of the tape-
spring during folding.

The deployed deformation shapes obtained through
both experiment and simulation, are compared in Fig. 10
in 10∘ intervals of rotation. At each interval, the maximum
stress of the hinge is observed. This maximum stress will
be used later to constrain the optimization problem.
Comparison of results shows that the experimental and
physics-based simulation results have good agreement for
a deployment step, thus ensuring accuracy of the computer
simulations.

4 Parametric analysis

The steady-state moment is regarded as one of the important
characteristics in measuring the driving ability of a deployable
hinge. To better comprehend the steady-state moment varia-
tion with geometric parameters, the effects of length, radius,
subtended angle, and thickness on the moment of a three tape-
spring hinge are explored prior to optimization. As discussed,
the excessive stress caused by the high nonlinearity in dynam-
ic folding and deploying steps of a three tape-spring hinge
may result in permanent deformation, as can be seen from
the energy profile in Fig. 8. Therefore, the maximum stress
corresponding to each design is also investigated.

(a) Boundary conditions of three tape-spring hinge 

(b) Finite element model of three tape-spring hinge 

Fig. 6 Three tape-spring hinge
representation
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4.1 Length variation

The length of a single tape-spring with design parameters
t = 0.15 mm, R = 18 mm, and θ = 90∘ was varied from
80 mm to 130 mm. The effects of length on mechanical attri-
butes of the hinge were simulated. Therefore the moments and
maximum von Mises stress were obtained with differing
lengths, as given in Table 2. It can be seen that an increase
in length corresponds to a decrease in critical moment. Note
that the maximum von Mises stress behaves as a linear de-
crease with increasing length, except for L = 130 mm. For this
case, local deformations of two positive tape springs occur,
resulting in the nonlinearity of stress. As for the steady-state
moment, the variation shows a nonlinear tendency to increase
first and then drop with a little fluctuation for case
L = 100 mm. To understand how the steady-state moment
varies with length in a folding and deploying cycle of the
hinge, variation curves are drawn in Fig. 11.

4.2 Thickness variation

In the context of thickness varying from 0.10 to 0.20 mmwith
design parametersθ = 90∘, R = 18 mm, and L = 90 mm, the
effects of thickness on mechanical attributes of the hinge are
obtained and presented in Table 3. From the values in the
table, the critical moment is greatly increased with an increase
in thickness. It can be seen that the steady-state moment and
maximum von Mises stress have approximately the same lin-
ear increase with increase in thickness. Similarly, the profiles
of the moment with respect to thickness in a folding and
deploying cycle of the hinge are drawn in Fig. 12. From the
moment variation curves in Fig. 12, it should be noted that
there is a small permanent deformation caused by excessive
local stress; therefore, it is not acceptable to allow stress to
increase beyond a safe limit.

Fig. 7 Stress distribution contour of fully folded three tape-spring hinge
(with single tape-spring design of L = 90 mm, R = 18 mm, t = 0.15 mm,
θ = 90ο)
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4.3 Subtended angle variation

The subtended angle effect analysis was performed by
varying the subtended angle from 50∘ to 100∘ while hold-
ing t = 0.15 mm, L = 90 mm, and R = 18 mm constant. The

parametric analysis results are given in Table 4. Similarly,
the variation curves for moment with respect to subtended
angle in a folding and deploying cycle of the hinge are
drawn in Fig. 13. It can be seen in Table 3 that increasing
the subtended angle results in a significant increase of the

Fig. 10 Configuration comparisons of numerical simulation and experiment (Ra represents rotation angle, Sm indicates maximum von Mises stress.
Three tape-spring hinge is designed with single tape-spring design of L = 120 mm, R = 18 mm,θ = 90ο, t = 0.15 mm)
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critical moment. It is interesting to observe that the steady-
state moment and maximum von Mises stress behave com-
parably to each other. However, a subtended angle of 90∘

shows a higher value of steady moment. Similarly, the two
positive folding tape springs have localised torsional de-
formations leading to the increase of moment. On the other

hand, from moment analysis in section 2.2, the steady mo-
ment of a three tape-spring hinge is not equal to the simple
superposition of single tape spring, this implies the steady
moment in a three tape-spring hinge shows a nonlinearity.
Therefore, the subtended angle of 90∘ exhibits a higher
steady moment.
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Fig. 11 Parametric analysis of
length

Table 2 Moment values for different lengths

L Steady-state
moment

Critical
moment

Max. von
Mises stress

mm N.mm N.mm MPa

80 164.2 18,662.2 2326.5

90 290.2 17,672.9 2004.9

100 237.4 16,320.8 1779.4

110 300.8 15,160.5 1732.9

120 238.7 14,847.7 1204.4

130 148.7 13,848.4 1690.9

Table 3 Moment values for different thicknesses

t Steady-state
moment

Critical
moment

Max. von
Mises stress

mm N.mm N.mm MPa

0.10 36.9 1847.0 1433.6

0.12 133.3 13,279.6 1598.7

0.14 229.0 14,927.0 1911.7

0.16 346.97 18,651.2 2195.6

0.18 425.2 23,110.2 2288.5

0.20 620.9 26,767.3 2489.93
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4.4 Radius variation

The parametric analysis is carried out with t = 0.15 mm,
L = 90 mm, and θ = 90∘while R is varied from 12 mm to
22 mm. These effects are given in Table 5. As in the

previous sections, the variation profiles of moment with
respect to radius in a folding and deploying cycle of the
hinge are drawn in Fig. 14. These results show that critical
moment has a monotone linear relationship with radius,
where an increase in radius results in an increase in critical
moment. Steady-state moment results show a significantly
irregular variation with respect to radius, which means that
the steady-state moment is relatively sensitive to a change
in radius. However, maximum stress tends to increase with
the radius, with the exception of a slight drop between
radius of 14 mm and 18 mm.

4.5 Primary and secondary sequence analysis

To better understand parameter effects on performance of
the hinge, a primary and secondary sequence analysis was
carried out. According to the literature (Wang and Sui
2012), in the multiple linear regression equation, the par-
tial regression coefficients b1 , b2 , ⋯ , bm − 1 indicate the
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Fig. 12 Parametric analysis of
thickness

Table 4 Moment values for different subtended angles

θ Steady-state moment Critical moment Max. von Mises stress

∘ N.mm N.mm MPa

50 124.2 4870.9 1671.7

60 157.5 7659.8 1741.6

70 140.1 10,408.6 1499.1

80 183.2 12,593.0 1833.6

90 290.2 17,672.9 2004.9

100 190.3 20,849.3 1707.7
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specific effects of xi ony. However, the general case bj(j =
1, 2, ⋯ ,m − 1) does not directly reflect the relative im-
portance of these independent variables. This is because
the value of bj is affected by the factor value. This issue
can be resolved by standardizing the partial regression
coefficient bj.

Assuming that the standardized coefficient of partial
regression coefficientbjisPj(j = 1, 2, ⋯ , m − 1), where Pj

is given by (1), and Ljj ¼ ∑
n

i¼1
xji−x j
� �

2 and Lyy ¼ ∑
n

i¼1
yi−yð Þ 2.

According to the standard regression coefficientPj value,
the significance of each factor (independent variable) xi
to the responsey can be directly determined. The greater
thePj, the more important the corresponding factor
becomes:

P j ¼ bj
�� ��

ffiffiffiffiffiffiffi
Ljj
Lyy

s
ð1Þ

Using this theory, a sequence analysis was carried out with
four factors, each having two levels. The responses, steady-
state moment and maximum von Mises stress, were obtained
and given in Table 6. Takingx1 = R , x2 = t , x3 = θ , x4 = L, the
standardized coefficients and influence ranks are shown in
Table 7. It can be seen from the table that the top two influence
factors for steady moment are thickness and subtended angle;
as for stress two significant influence factors are thickness and
radius. While the influences of radius and subtended angle as
well as length on stress are at the same level, from a compre-
hensive comparison, the two parameters thickness and
subtended angle are selected as design variables for
optimization.
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Fig. 13 Parametric analysis of
subtended angle

Table 5 Moment values for different radii

R Steady-state moment Critical moment Max. von Mises stress

mm N.mm N.mm MPa

12 193.2 5041.5 2003.0

14 309.3 8339.3 2284.6

16 198.6 12,511.2 2072.9

18 290.2 17,672.9 2004.9

20 155.0 29,942.4 2322.8

22 163.6 32,709.0 2428.3
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5 Optimization investigations

5.1 Optimization model for three tape-spring hinge

The optimization problem is to maximize the steady-state mo-
ment subject to a constraint on maximum stress. Smooth de-
ployment of the hinge is an extremely important measure for
the completion of the space mission. Excessive stress would
cause damage to the tape-spring and hinder deploying perfor-
mance of the hinge. Therefore, maximum stress must remain
below the allowable stress dictated by the steel alloy material
used to construct the hinge; thus, maximum stress is taken to
be a constraint on the optimization problem. As discussed
previously in this paper, the steady-state moment is a signifi-
cant characteristic for measuring the drivability of the hinge;
thus, steady-state moment is selected as the objective. From
the primary and secondary sequence analysis, thickness and
subtended angle were deemed most influential to steady-state

moment and thus used as design variables. The final optimi-
zation problem for a three tape-spring hinge is mathematically
represented by (2):

Maximize : MS

Subject To : σmax≤σ
xi≤xi≤xi i ¼ 1; :…; nð Þ

8<
: ð2Þ

where Ms is the optimization objective, the steady-state mo-
ment of the hinge in the folding process; σmaxis the maximum
von Mises stress of the hinge in the folding process; xi,xi are
the upper and lower bounds of the design variables, respec-
tively; and nis the total number of design variables.

5.2 Response surface methodology (RSM)

Response Surface Methodology (RSM), used to obtain the re-
lationship between the input and output of complex systems, is
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a collection of mathematical and statistical techniques (Box and
Wilson 1951; Sui and Yu 2011) and applied widely in engi-
neering optimization process (Liu and Day 2008; Li et al. 2011
and 2013; Qi et al. 2012; Guo et al. 2013). In this paper, RSM is
utilized to construct an inexpensive representation of the objec-
tive and constraint functions. The basic idea is to construct an
explicit polynomial expression to represent the implicit func-
tion of the independent variables.

An RSM model is constructed on design variable t rang-
ing from 0.1 mm to 0.2 mm and θ ranging from 60∘ to90∘.
25 sample points are collected using two five-level factors
and the steady-state moment and von Mises stress re-
sponses are evaluated using the experimentally validated
simulation.

The fourth-order polynomial function for steady-state mo-
ment is fitted using MATLAB and given in (3):

Ms t; θð Þ ¼ 2:499⋅106t4‐0:004088θ4 þ 0:2005tθ3 þ 67:50t2θ2 þ 1:641⋅104t3θþ 1:189θ3

−56:69tθ2−1:779⋅104t2θ−2:766⋅106t3−128:1θ2 þ 6:315⋅103tθþ 1:31⋅106t2

−2:73⋅105t þ 5:992⋅103θ−9:997⋅104
ð3Þ

The same method is used to obtain the polynomial function
for maximum von Mises stress given in (4):

σmax t; θð Þ ¼ 1:49⋅107t4−0:001127θ4−1:305tθ3 þ 24:61t2θ2−7:484⋅104t3θþ 0:4819θ3

þ 2:891⋅102tθ2 þ 2:977⋅104t2θ−3:527⋅106t3−69:77θ2−2:591⋅104tθ−2:880⋅105t2

þ 6:703⋅105t þ 4:439⋅103θ−1:000⋅105
ð4Þ

The original 25 sample point designs are substituted into
the above two RSM models to obtain the function values of
steady-state moment and maximum von Mises stress yielding
an RSME for objective function of 0.00362 and constraint
function of 0.00019, respectively. It can be seen that the ab-
solute value of the maximum relative error between the
steady-state moment prediction and simulation result is no

more than 8%. Likewise, that of maximum von Mises stress
is no more than 5%.

To evaluate the accuracy of the fitted functions, the com-
plex correlation coefficient (R2) and the modified complex

correlation coefficient (R2
adj ) are introduced in (5 and 6).

The fitted function is deemed more accurate when each coef-
ficient is closer to a value of one. Another index for evaluating
the accuracy of the fitted function is root mean squared error
(RMSE) as seen in (7). An RMSE of zero indicates a perfectly
fitted function. Related derivation and proofs are shown in the
literature (Sui and Yu 2011).

R2 ¼ 1− ∑
m

i¼1
yi−~yi

� �2.
∑
m

i¼1
yi−y

� �2
ð5Þ

R2
adj ¼ 1−

m−1
m−N

1−R2
� � ð6Þ

RMSE ¼ ∑
m

i¼1
yi−~yi

� �2.
m−p−1ð Þ

� 	0:5

ð7Þ

Table 6 Test points and responses

No. R t θ L von Mises stress Steady-state moment
mm mm ∘ mm MPa N.mm

1 11 0.075 45 68 1165.6 10.86

2 11 0.075 75 68 1137.3 21.59

3 11 0.125 45 68 1889.2 38.99

4 11 0.125 75 68 1796.7 80.79

5 18 0.075 45 68 1407.7 87.95

6 18 0.075 75 68 1572.8 23.14

7 18 0.125 45 68 2349.0 58.38

8 18 0.125 75 68 2327.7 92.50

9 11 0.075 45 113 1133.2 10.51

10 11 0.075 75 113 1128.0 25.36

11 11 0.125 45 113 1979.8 34.61

12 11 0.125 75 113 1766.3 144.69

13 18 0.075 45 113 1741.68 13.41

14 18 0.075 75 113 1848.09 27.05

15 18 0.125 45 113 1217.6 49.76

16 18 0.125 75 113 1271.8 118.75

Table 7 Standardized coefficient of partial regression

Parameters Pj(moment) Ranking
(moment)

Pj(stress) Ranking
(stress)

R 0.1599 3 0.2293 2

t 0.6157 1 0.4561 1

θ 0.3543 2 0.2038 4

L 0.0153 4 0.2176 3
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whereyi is the FEA results of the ith sample point, ~yi is the
response of the ith sample point, andy is the mean response of
yi.i = 1 , 2 , ⋯ ,m, m is the number of design points, p is the
number of non-constant terms in the response functions, and n
is the number of the basic functions.

The complex correlation coefficient (R2) of the steady-state
moment response surface model and modified complex cor-
relation coefficient (R2

adj ) are 0.99745 and 0.99734, respec-

tively. Likewise, the complex correlation coefficient (R2) and

modified complex correlation coefficient (R2
adj ) for the max-

imum stress response surface model are 0.99232 and 0.99199,
respectively. The values of RMSE for steady-state moment
and maximum stress are 0.00362 and 0.00019, respectively.
These three accuracy indicators suggest highly accurate fitted
functions. Thus the accuracy of the two response surface
models is satisfied.

By adding extra test points, different from the original 25
samples, the fitted response surface models are verified. From
these tables, it can be seen that the absolute value of maximum
relative error from steady-state moment function is less than
7%. Similarly, that of maximum von Mises stress is no more
than 5%. The accuracy of these two response surface models
is satisfactory, indicating that the explicit expression of the
fourth-order response surface fitting can accurately express
the relationship between simulation response and design
variables.

5.3 Optimal solution

The Large Scale Generalized Reduced Gradient (LSGRG)
algorithm, which can handle an optimization model with
equality and inequality constraints, is used to solve the
optimization problem. This optimization algorithm uses
the following design space for design variables t = [0.1,
0.2] and θ = [60∘, 90∘], with an initial design point of
x = [0.15, 75.0]T. In order to ensure the safety of the struc-
ture in a folding process, it is crucial that the maximum von
Mises stress of the tape-spring be less than the allowable
stress of 2000 MPa. The required configurations of the
LSGRG algorithm, that is, convergence epsilon and con-
vergence iterations, are taken to be default values of 0.001
and 3, respectively. The optimal design is obtained after 97
iterations.

The optimal design obtained is x = [0.132, 86.46] T, that
is, the thickness of the tape-spring is 0.132 mm and the
subtended angle of its cross section is 86.46°. Table 8
shows the comparison of initial and optimal design points.
The optimal steady-state moment increases from
145.5 N.mm to 173.94 N.mm, increasing by around
19.5%. The maximum stress increases from 1969.1 MPa
to 2000.0 MPa, which satisfies the maximum allowable
stress constraint.

In order to verify the effectiveness of the algorithm
using RSM models, the optimal design point is remodelled
using the physics-based simulation model. Simulation and
fitted function results are 158.47 N.mm and 173.94 N.mm
for steady-state moment, respectively. Maximum von
Mises stress results for simulation and fitted function are
1768 and 2000 MPa, respectively. The results of the fitted
models seem to differ slightly from the simulation results,
thus indicating additional simulations would help. Figs. 7
and 15 give the initial and optimal stress distributions of
the three tape-spring hinge, respectively. Comparison of
the results shows that the optimal design stress distribution
is more uniform.

On the other hand, the optimal design is compared with the
parametric study in section 4. According to the analysis of
parametric influence, thickness and subtended angle are se-
lected as the top two influential factors. Thickness and
subtended angle are confined to t ∈ [0.1, 0.2] andθ ∈ [60∘,
90∘]. Maximum stress is constrained to be less than a yield
point of 2000 MPa. As a new hinge needs at least 150 N.mm
of steady moment to exert its driving ability, we consider the
design within the above constraints. The parametric analysis
was conducted by changing one of the two influential factors
while keeping the other parameters fixed.

Fig. 15 Von Mises stress distribution of optimal design

Table 8 Comparisons between the original and optimal designs
evaluated using RSM models

Items θ t Steady-state
moment

Max. von
Mises stress

∘ mm N.mm MPa

Initial design 75 0.150 145.5 1969.1

Optimal design 86.46 0.132 173.94 2000

Variation 15.3% 12% 19.5% 1.6%
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5.3.1 Case one, parametric study on thickness withint ∈ [0.1,
0.2]:

The influence of thickness from Table 3 is visualized in
Fig. 16. Two orange symbols indicate the optimal design re-
sults and it is shown that the region below the blue dashed line
(representing constraint of stress below 2000MPa) and above
the green dashed line (representing minimum steady moment
of 150 N.mm) is the feasible area satisfying all conditions.

5.3.2 Case two, parametric study on subtended angle
withθ ∈ [60∘, 90∘]:

The influence of subtended angle is also visualized in
Fig. 17.The region below the pink dashed line (representing
stress constraint below 2000MPa) and above the black dashed
line (representing minimum steady moment of 150 N.mm)
and θ ∈ [60∘, 90∘] is the feasible area satisfying all conditions.
A green circle and tringle indicate the optimal design results.

This optimal design process is summarized in the flowchart
shown in Fig. 18.

6 Conclusions

This paper presented a detailed investigation on the folding
and deploying processes of a single tape-spring hinge and a
three tape-spring hinge. A three tape-spring hinge is optimally
designed. The physics-based simulation method is employed
to construct the geometric and finite element models for single
tape-spring and three tape-spring hinges. The steady-state mo-
ment is deemed a significant characteristic for measuring driv-
ing ability of the hinge, so the steady-state moment variations
of a single tape-spring hinge in positive and reverse folding
are investigated through ABAQUS. The combination of three
tape-spring is arranged to form a novel tape-spring hinge. Due
to highly nonlinear relationships existing in the folding and
deploying processes of a three tape-spring hinge, the quasi-
static algorithm is applied in the simulation process. At the
same time, the algorithm requires that the kinetic energy
should be low. From the observed and discussed energy var-
iations in Section 2, the kinetic energy is found to be approx-
imately zero throughout the entire folding and deploying pro-
cesses. The critical moments from one reverse bending tape-
spring and two positive bending tape-spring sum to a critical
moment of 4592.34 N.mm, and similarly the steady-state mo-
ments sum to 320.63 N.mm. The critical moment and steady-
state moment of a three tape-spring hinge are not equal to the
simple addition of single tape-spring hinges, thus requiring the
full physical simulation.

Fig. 18 Optimal program flowchart of three tape-spring hinge
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Fig. 17 Subtended angle comparisons between parametric study and
optimal design
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Fig. 16 Thickness comparisons between parametric study and optimal
design
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For folding and deploying processes of a three tape-spring
hinge, an experimental platform is constructed and utilized to
validate the simulation model. Qualitative comparative anal-
ysis of experimental and simulation results during deploying
processes indicates a good agreement between the predictions.
The smooth deployment of the hinge is an important guaran-
tee for the space mission. To ensure the safety performance of
the hinge, the maximum von Mises stress of the hinge is
obtained at each deployment state.

RSM is used to construct fourth-order models of steady-
state moment and maximum von Mises stress as functions of
thickness and subtended angle for parameter optimization.
Thickness and subtended angle were found to be the two
key parameters that have the largest effect on the hinge
through parametric analyses. The optimization problem is
established with an objective of maximizing steady-state mo-
ment and a constraint on maximum stress. The LSGRG algo-
rithm is employed to solve the optimal design problem.
Ultimately, an optimal design of t = 0.132 mm, θ = 86.46∘ is
obtained. The optimal responses are 173.94 N.mm and
2000 MPa for steady-state moment and maximum von
Mises stress, respectively. Compared with the initial design,
the steady-state moment is increased by 19.5%, while stress is
held within the allowable range. To verify the effectiveness of
the algorithm, the obtained optimal design is modelled and
evaluated with the physics-based simulation model. The re-
sults of the fitted models seem to differ slightly from the sim-
ulation results. Therefore, it is suggested that more than 25
samples points be used to construct the RSMmodel in order to
ensure a higher level of accuracy.

The proposed method does however prove promising in
the design of other tape-spring hinges with high stability and
low stress values. The results are of great importance in the
design of deployable structures.
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