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Abstract Flexible tape-spring hinges can be folded elastical-
ly and are able to self-deploy by releasing stored strain energy
with fewer component parts and slight weights. This study
presents a detailed investigation of the folding and deploy-
ment of single-layer tape-spring (SLTS) hinges and double-
layer tape-spring (DLTS) hinges under pure bend loading. The
material properties of tape-spring hinges are measured using
an INSTRONmachine. ADLTS hinge construction is created,
and its moment-rotation relationship during quasi-static de-
ployment is measured. An experiment is conducted to verify
the validation of the numerical models for the DLTS hinges.
The quasi-static deployment behavior of SLTS hinges and
DLTS hinges is then analyzed using nonlinear finite element
ABAQUS/Explicit solver, starting from the complete folded
configuration. The DLTS hinge has good quasi-static deploy-
ment performances with regard to maximum stress (Sm),
steady moment (M*) and the peak moment (Md) during the
DLTS hinge quasi-static deployment. In addition, the sam-
pling designs of the DLTS hinges are created based on a three-
level full factorial design of experiments (DOE) method. The
surrogate models of Sm, M

* and Md of the DLTS hinges are
derived using response surface method (RSM) to reduce the
computational cost of quasi-static folding and deployment of
numerical simulations. The Multiobjective optimization de-
sign (MOD) of the DLTS hinge is performed using modified
non-dominated sorting genetic algorithm (NSGA-II) algo-
rithm to achieve the optimal design. The finite element models
for the optimal design based on numerical method are
established to validate the optimization results.

Keywords Tape-spring hinge . Quasi-static deployment .

Multiobjective optimization . Response surface method .

Finite element analysis . Experiment

1 Introduction

Flexible hinges, which are folded elastically can self-deploy
by releasing stored strain energy, which consist of a fewer
component parts, can be manufactured conveniently. Flexible
hinges have several advantages for space applications, includ-
ing a lowmass-to-deployed-stiffness ratio, cost, and self-latch.
With the increasing demand, flexible hinges have been widely
used as folding and deployment mechanisms in deployable
structures, such as synthetic aperture radars (SARs), solar
arrays and antenna booms. Tape-spring hinges have been used
in the Japanese Mars orbiter PLANT-B for bar-like deploy-
ment structures of the thermal plasma analyzer (Oya and
Onoda 2002).

Considerable efforts have been made to investigate the
folding and deployment behaviors of flexible hinges through
analytical, numerical, and experimental methods. Among
those, some focused on various configurations methods, in-
cluding single tape-spring (Mansfield 1973; Seffen and
Pellegrino 1999; Seffen 2001; Seffen et al. 2000; Silver
et al. 2005), single-layer pair tape-springs (Watt and
Pellegrino 2002) and four pairs’ tape-springs in a row (Boesch
et al. 2008). Some researchers attemped to extend the tape-
spring to larger structures by adopting monolithic structures,
which included two omega-shaped thin metal shells that con-
nect at the edges (Block et al. 2011) and two three-ply Kevlar
sheets large tape-spring (Soykasap et al. 2008). In addition,
the integral cylinder shell with parallel longitudinal slits has
been shown to have good properties, such as easy manufac-
ture and high stiffness (Marks et al. 2002; Silver et al. 2004;
Yee and Pellegrino 2005). Yee (2006) conducted experiments
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and found that the integral flexible hinges could not resist
angular momentum at the point of latching, which led to
overshoot of the fully deployed configuration. Mobrem and
Adams (2009) optimized the total stowed energy to control the
dynamics of the deployment structures. Mallikarachchi and
Pellegrino (2010) conducted optimization studies to find a
flexible hinge design that can be folded by 180° with the
shortest slot length and maximum strains after setting com-
plete folding as the constraint. However, previous optimiza-
tion studies may miss some optimal results because they just
change the geometry parameters only at regular intervals.
Moreover, the problems of the integral flexible hinges are
the large folding moments that lead to hard folding before a
spacecrafts launches, and high stress concentration after full
deployment, which restrains the repeatability of the integral
flexible hinges (Mallikarachchi and Pellegrino 2011). Com-
pared with the integral flexible hinges, the flexible hinges
consist of one or more pairs of tape-springs that possess
smooth stress distribution. This type of tape-spring hinge can
also improve the moment easily by increasing the layer of the
tape-spring layer. However, the optimal configuration of the
multi-layer tape-spring (MLTS) hinge is yet to be solved. The
folding and deployment of the MLTS hinges involves a high
nonlinear post-buckling and material contact process. Thus
surrogate model techniques are employed in the nonlinear
finite element analysis (FEA) for fast iteration, and response
surface method (RSM) is chosen to derive the surrogate model
for the MLTS hinges. The thin-walled tube hinge with double
slots has been investigated (Yang et al. 2014) using the finite
element (FE) method and RSM, but there is no experiment to
valid and modify the numerical model.

This study aims to investigate quasi-static folding and
deployment behaviors of the single-layer tape-spring (SLTS)
hinges and the double-layer tape-spring (DLTS) hinges. The
quasi-static folding and deployment of the flexible hinges are
performed using ABAQUS/Explicit solver. An experiment
apparatus is constructed to verify the developed numerical
models before using them for further optimization study.
When the tap-spring hinge begins to deploy, it must be fully
folded first. As the relative rotation angle is increased and the
end blocks move closer together, the moment remains approx-
imately constant which is called as steady momentM*. When
the tape-spring hinges is closely to completely deployment,
the centre part of the tape-spring hinge suddenly snaps
through and the deformation locates in a short longitudinally
curved region while the moment decreases quickly and
reaches to a peak moment Md. The objectives are set as M*
and Md during the tape-spring hinge quasi-static deployment.
Maximum stress (Sm) during the complete hinge folding is set
as the constraint condition. The separation distance s (i.e. the
distance from the bottom to the top of the clamp holder end),
the tape-spring section radius R, and central angle φ are
considered as the three design variables. Quadratic

polynomial functions are employed to construct the response
surface surrogate models of Sm,M*, andMd. A three-level full
factorial design of experiment (DOE) method is employed to
plan the sampling points. The 27 sample design points, which
are used to derive the response surface functions, are analyzed
by ABAQUS/Explicit, and the modified non-dominated
sorting genetic (NSGA-II) algorithm is used to solve the
multiobjective optimization design problems.

2 Problem description

The structures considered in this study are the SLTS and the
DLTS hinges, in which each tape spring layer in the DLTS
hinge has the same configurations. All hinges have the same
baseline geometry with a layer thickness of t=0.12mm, a total
longitudinal length of L=126 mm, and two clamp ends with
lengths of b=20 mm, which are applied to the clamp and fix
the tape-springs in the folding and deployment experiments.
For the DLTS hinge, the two tape-springs in the same side are
closed tightly together. Both ends of both tape-springs are
connected using rigid clamp holders and clamp covers. The
complete structure and geometric parameters of the DLTS
hinge are depicted in Fig. 1. The separations distance s is the
inner arc trajectory vertex distance between two sets of the
tape-springs. To simulate the quasi-static deployment of the
tape-spring hinges, the finite element models are established
to analyze the propertis of the hinges. And the experiment
apparatus is also designed and used to verify the accuracy of
the numerical method.

The hinge generated a steady moment M* during quasi-
static deployment that should be larger than a given value at
any folding angle to ensure complete deployment, especially
when the hinge deploys against resistive forces. And the peak
momentMd during quasi-static deployment should be less than
a given value to avoid an excessive shock and overshoot in the
case of the hinge at the end of deployment. Moreover, the
concentrated stress Sf on the hinge should be small enough to
increase repeated use times. Thus, three key quasi-static de-
ployment behavior parameters are used to evaluate the perfor-
mance of the hinges, maximum stress (Sm) during the hinge
quasi-static complete folding is selected as constraints, steady
moment (M*), and peak moment (Md) of the hinge quasi-static
deployment are selected as the two optimization objectives.

3 Quasi-static deployment

3.1 Material properties

The material of the tape-spring hinges is titanium-nickel alloy
Ni36CrTiAl with a mass density of ρ=8.0×103 kg/m3,
Poisson’s ratio ν=0.35. The material tension test is shown in
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Fig. 2 and the tensile stress-strain curve measured using an
INSTRON machine is plotted in Fig. 3. The range considered
in defining Young’s modulus E is started from zero, which
does not consider the initial part (0.005 strain). Yong’s mod-
ulus E is derived using linear fit method by choosing the linear
range of the measured stress-strain data. And the fitted equa-
tion is obtained as follows:

ys ¼ 193:69þ 36939:98xe ð1Þ

where ys is the fitting tensile stress of Ni36CrTiAl and xε is the
measured strain. The slope of the linear fit function is E=
36939.98 Pa which approximately equals to E=36.94 MPa.
The fitted stress-strain curves of Ni36CrTiAl are shown in
Fig. 3. The measured data is added to help the readers under-
stand this paper as shown in Table 1 which are selected from
the measured stress-strain data at a certain interval. It is shown

that the yield stress is σy=1.11 GPa and the ultimate stress is
σu=1.19 GPa of the Ni36CrTiAl.

3.2 Numerical simulation

Folding and deployment simulations of thin-walled structures
involve significant nonlinear processes, such as contact be-
tween different surfaces of the structures, buckling, and dy-
namic snaps. Convergence, numerical stability and singularity
problems in the stiffness matrix (Yee and Pellegrino 2005;
Seffen and Pellegrino 1999) were the main limits on the
structural configurations with the implicit solver. The explicit
solver applies the kinematic state of each of freedom through a
direct integration of motion equations to avoid the problems.
Thus, the finite element (FE) models are set up in the
ABAQUS/Explicit with four nodes that are fully integrated
to reduce shell elements (S4R) with an approximate element
size of 3 mm. To simulate end rotation, the two reference
nodes 1, and 2, located at each end are set as kinematic
coupling constraints to either end surface. Reference node 1
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Fig. 1 Complete structure and
geometric parameters of the
DLTS hinges

Fig. 2 Experimental instrument of Ni36CrTiAl
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(RP 1) is restrained of all freedom except for the rotation about
the global y-axis, and reference node 2 (RP 2) is allowed to
rotate about the y-axis as well as translate along the global z-
axis, as shown in Fig. 4. The bending angle α of the hinge is
the sum of the rotational angle of the two reference nodes, i.e.,
α=166°. To apply loads as smoothly as possible, Smooth-
Step is employed when applying and removing loads. The
general contact is assigned to the entire model to analyze the
contact among the surfaces of DLTS hinge (Mallikarachchi
and Pellegrino 2011).

The quasi-static folding simulation time is 1 s and imposes a
rotation of α=166° by rotating the two reference nodes RP 1
and RP 2. The DLTS hinge is rotated back to its original
configuration by an opposite variation of α=−166° to simulate
deployment. A simulation step, in which both ends are held
stationary, is added to dissipate the kinetic energy in the folded
configuration before starting the deployment simulation.
Quasi-static folding and deployment numerical simulation are
conducted on the DLTS hinge with a separation distance of s=
16 mm. Each tape-spring section has a radius of R=18 mm, a
central angle of φ=76°, a thickness of t=0.12 mm, a longitu-
dinal length of L=126 mm, and a clamp end length of b=
20 mm. The energy variation for the DLTS hinge during quasi-

static folding and deployment is shown in Fig. 5. The kinetic
energy is lower than 10 % of the strain energy, which means
that the simulation process is quasi static.

A complete moment-rotation relationship of the DLTS
hinge in a quasi-static folding and deployment simulation cycle
is shown in Fig. 6. The peak moment during quasi-static
folding, which is required to fold the DLTS hinge, is higher
than the peak moment of deployment, which is always charac-
terized as a locking torque of a deployable mechanism. This
behavior is attributed to the unstable post-buckling equilibrium
path of the shell structures. The moment between snap through
during quasi-static folding and snap back during quasi-static
deployment is almost steady. The steady moment when the
DLTS hinge starts to deploy is also considered as the driving
moment of the deployable mechanisms. Meanwhile, the stress
of the DLTS hinge is at maximum, which must decrease to
improve the reusability of the tape-spring hinge.

3.3 Test procedure

The quasi-static deployment test system is designed and assem-
bled to check the numerical models. The test system is com-
posed of two computers, two digital multi-meters for measuring

Table 1 The tensile
measured data of
Ni36CrTiAl

Stress (Mpa) Strain (mm/mm)

0.00003 0.20503

0.00159 80.60233

0.00214 129.6336

0.00225 138.8764

0.00303 205.2924

0.00392 281.0048

0.00503 367.8347

0.00625 460.2736

0.00692 505.6656

0.00858 589.29

0.01025 663.8018

0.0127 743.1121

0.01414 789.2793

0.01625 857.1693

0.0187 937.4854

0.02103 1010.47

0.02381 1079.93

0.02614 1111.36

0.03881 1138.93

0.05903 1171.07

0.08192 1192.10

0.08692 1194.03

0.09336 1192.96

0.09404 653.2091

0.09412 −1.47172

RP_2

RP_1

Y

X

Z

Ux=Uy=Uz=Rx=Rz=0
Ry=83deg

Ux=Uy=Rx=Rz=0
Ry=- 83deg

Fig. 4 The boundaries for the DLTS hinge

Fig. 5 Energy variation for the DLTS hinge during quasi-static folding
and deployment
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rotation angles, two strain gauge digitizers that digitize the
strain signal to the computers, and a test apparatus, as shown
in Fig. 7. The test apparatus consists of two gear boxes with a
reduction of 64. One gear box is attached to a guide rail, and the
other is attached to a rigid foundation. These gear boxes support
the strain gauges and angle sensors that can be seen on the left
and right side views. The two ends of the DLTS hinge are fixed
using two semi-circle holders that are connected to the shafts of
the strain gauges.

The quasi-static experiment is conducted on the DLTS hinge
with a separation distance of s=16 mm. Each tape-spring
section radius as a radius of R=18 mm, central angle of φ=
76°, thickness of t=0.12 mm, longitudinal length of L=
126 mm, and clamp end length of b=20 mm. The geometric
dimensions of the tape-spring section are the same as that of the
numerical model. Rotations up to 83° are applied manually
using two knobs and transferred to the hinge through the gear
boxes. Before starting the test, the strain gauges and angle

sensor readings are calibrated to zero in the deployed configu-
ration. The hinge is pinched in themiddle and folded by rotating
the two ends by an equivalent angle to avoid damage the DLTS
hinge. In the test procedure the ends are rotated back by a few
steps by spinning the two gear boxes with the desired amount
while keeping the two end moments approximately equal.
Afterward the moment and the rotation angle values are written
down. A comparison of the DLTS hinge configuration during
the quasi-static deployment is shown in Fig. 8. This qualitative
comparison shows that the entire geometric configurations and
the positions of the localized deformation regions in the DLTS
hinge are in good accordance with each other. Meanwhile, the
complete deployed configuration obtained from the numerical
simulation has some residual stress on the hinge.

Moment–rotation curves are obtained by plotting the fold-
ing angle α, which is compared with the numerical results, as
shown in Fig. 9. The moment–rotation relationship of the

Fig. 6 Complete moment-rotation relationship in a folding and
deployment simulation cycle

Fig. 7 Detailed hinge quasi-static deployment test apparatus
Fig. 8 Comparsion of the DLTS hinge configuration during quasi-static
deployment
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DLTS hinge has a high nonlinear behavior during quasi-
static deployment. The peak moment is reached when the
snap through of the DLTS hinge occurs before the tape–
springs of the hinge contact each other. Themoment tends to
steady as the rotation increases, and the steady moment will
slightly increase as the contact regions of the localized fold
between the tape springs increases. The numerical moments
agree well with the measured moments from the fully folded
configuration to the unfold configuration, corresponding to
166° and 0° rotations, respectively. The measured steady-
state deployment moment with a large rotation has an aver-
age value of 104.62Nmm, whereas the numerical result is
around 96.43Nmm. Furthermore, the main area of the quan-
titative discrepancy is the profile slope from the peak mo-
ment to the steady-state moment. This discrepancy can be
attributed to that bolts, the rigid clamp ends and the rigid
clamp holders enhance the bend stiffness of the DLTS
hinges in the actual application, but these parts are deleted
to simplify the numerical model and reduce the computa-
tional cost.

3.4 Numerical results comparison of two types of tape-spring
hinge

In this study, the influences of tape-spring layer parameters
on the response of the tape-spring hinge under pure bend
loading are investigated. Using validated FE models, nu-
merical analyses are first conducted to compare the

deployment performances of the two types of the tape-
spring hinge, i.e., the SLTS and the DLTS hinge, under
quasi-static pure bend loading. To investigate the influences
of tape-spring layer on the Sm, M

*, and Md of the flexible
hinges, SLTS and DLTS hinges of special tape-spring sep-
arations with a layer thickness of t=0.12 mm are analyzed.
The tape-spring section radius, the separation distance, and
the tape-spring section central angle are listed in Table 2.
The numerical results indicate that both Md and M* of the
DLTS hinge are more than two times that of the SLTS hinge
with the same tape-spring layer thickness of t=0.12 mm.
However, the Sm of the DLTS hinge is less than that of the
SLTS hinge for all the tape–spring hinge configurations.
These reasons are attributed to the fact that the contacts
between the tape-spring layers can enhance the bending
stiffness of the DLTS hinges. The configuration of the
DLTS hinges shows better behaviors in both Sm, M

*, and
Md under pure bend loading, compared with that of the
SLTS hinges. Therefore, the DLTS hinge is selected as
a better structural component in this study. The
multiobjective optimization design (MOD) is employed to
further improve the deployment behavior under pure bend
loading.

4 Response surface models of DLTS hinges

The RSM of surrogate modeling technologies is widely
employed in the optimization studies (Liu and Day 2008;
Hou et al. 2012, 2014) to reduce the computational cost of
quasi-static folding and deployment of nonlinear FEA. To
date, the quasi-static deployment optimization of multilayer
tape–spring hinges using RSM is unavailable.

4.1 Response surface method

RSM (Box and Wilson 1951) is a collection of mathematical
and statistical techniques, applied in optimization problems
and process development (Li et al. 2011; Qi et al. 2012). The
surrogate models are modeled by using RSM to obtain the
optimal quasi-static deployment behaviors of tape-spring
hinges and reduce the computational cost.
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Fig. 9 Compare of moment-rotation profiles during quasi-static
deployment

Table 2 The quasi-static
deployment behavior indices for
the hinges

s (mm) R (mm) φ (deg) Sm (GPa) Md (Nm) M* (Nm)

DLTS SLTS DLTS SLTS DLTS SLTS

16 15 70 0.409 0.437 0.920 0.417 0.0813 0.0260

18 18 80 0.562 0.593 1.185 0.536 0.139 0.0471

20 21 90 0.595 0.608 1.185 0.550 0.221 0.0934
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In this study, the responses of the tape-spring are Sm, M
*,

and Md, which can be written in terms of a series of basic
functions:

ey xð Þ ¼
X
i¼1

N

βiφi xð Þ ð2Þ

where ỹ(x) is the responses of Sm (x), M
*(x), and Md (x), N is

the number of the basic functions φi(x); and βi is the coeffi-
cients of the basic functions. Every sample point consists of n

dependable variables xj (j=1, 2, …, n). In this study, the
quadratic polynomials are chosen to create the basic functions
which can be written as

ey xð Þ ¼ β0

þ
X n

j¼1
β jx jþ

X n
j ¼ 1
j < kð Þ

β jkx jxkþ
X n

k¼1
βkkx

2
k

ð3Þ

The regression coefficients of quadratic polynomials can
be calculated using the least-square method:

bf ¼ ΦTΦ
� �−1

ΦT y ð4Þ

where bf=(β1, β2, …, βN), and N is the number of basic
function φi. The matrix Φ consists of the following basic
functions of M sample points:

Φ ¼
φ1 xð Þ1 … φN xð Þ1
⋮ ⋱ ⋮
φ1 xð ÞM … φN xð ÞM

2
4

3
5 ð5Þ

where φN(x)M is the Nth basic function of the Mth design
point, andM is the number of design points. The coefficient b
can be determined by substituting Eqs. (5) into (4),.

The accuracy of the responses should be evaluated with the
use of several criteria, i.e., relative error (RE), coefficient of
multiple determination (R2), root mean square error (RMSE),

Table 3 Step size and range of design variables of DLTS hinges

Parameter Step size Lower bound Upper bound

Central angle φ (deg) 10 70 90

Section radius R (mm) 3 15 21

Distance s (mm) 2 16 20

Table 4 Sample points and quasi-static deployment indices of DLTS
hinges

No. R /mm φ /deg s /mm Sm /GPa M* /Nmm Md /Nmm

1 15 70 16 0.409 0.081 0.920

2 15 70 18 0.445 0.085 1.087

3 15 70 20 0.451 0.126 1.378

4 15 80 16 0.461 0.104 0.928

5 15 80 18 0.483 0.117 1.104

6 15 80 20 0.503 0.159 1.382

7 15 90 16 0.513 0.118 0.833

8 15 90 18 0.525 0.154 1.04

9 15 90 20 0.512 0.216 1.392

10 18 70 16 0.472 0.095 1.014

11 18 70 18 0.508 0.109 1.304

12 18 70 20 0.510 0.150 1.539

13 18 80 16 0.544 0.117 0.974

14 18 80 18 0.562 0.139 1.185

15 18 80 20 0.541 0.176 1.592

16 18 90 16 0.639 0.125 0.631

17 18 90 18 0.623 0.157 0.922

18 18 90 20 0.581 0.216 1.322

19 21 70 16 0.425 0.105 1.132

20 21 70 18 0.440 0.115 1.501

21 21 70 20 0.443 0.152 1.903

22 21 80 16 0.579 0.116 0.896

23 21 80 18 0.562 0.128 1.147

24 21 80 20 0.552 0.196 1.504

25 21 90 16 0.653 0.136 0.420

26 21 90 18 0.645 0.152 0.741

27 21 90 20 0.595 0.221 1.185

Table 5 Accuracy of different RS models for DLTS hinges

R2 R2
adj RMSE RE interval (%)

Sm 0.977 0.965 0.01347 [−3.31, 3.09]

M* 0.984 0.976 0.00618 [−5.81, 5.69]

Md 0.987 0.980 0.04732 [−5.42, 5.48]

Table 6 The six added
sample points No. R /mm φ /deg s /mm

1 15.5 72.5 16.5

2 16.5 75 17

3 17.5 77.5 17.5

4 18.5 82.5 18.5

5 19.5 85 19

6 20.5 87.5 19.5
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and the adjusted coefficient of multiple determination (R2adj),
which can be written as

RE ¼ eyi−yi
yi

ð6Þ

R2 ¼ 1−
SSE

SST
ð7Þ

R2
ad j ¼ 1−

M−1
M−N

1−R2
� � ð8Þ

RMSE ¼ SSE

M−p−1

� �0:5

ð9Þ

where yi is the FEA results of the ith sample point, i is the
response of the ith sample point, i=1, 2, …, M, M is the

number of design points, and p is the number of non-
constant terms in the response functions. SST and SSE repre-
sent the total sum of squares and the sum of squares of the
residuals, respectively:

SST ¼
X
i¼1

M

yi−y
� �2

ð10Þ

SSE ¼
X
i¼1

M

yi−eyi� �2
ð11Þ

where y is the mean response of yi .
For the RS model, the values of R2 and R2adj vary from 0 to

1, which is the correlation level between the FEA results and
the responses. Thus, the larger R2 and R2

adj are, the smaller RE
and RMSE are, the better the Response Surface (RS) fitting is.

4.2 Sample points

To derive the surrogate models of Sm, M
*, and Md, FEA

should be performed for a series of design points

Table 7 The REs between numerical and RS models for the six added sample points

No. Sm M* Md

FE results RS results RE % FE results RS results RE % FE results RS results RE %

1 0.445 0.450 −1.03 0.0838 0.0885 −5.65 1.085 0.981 4.57

2 0.524 0.502 4.18 0.105 0.101 3.05 1.124 1.071 4.56

3 0.538 0.543 −1.83 0.120 0.116 3.55 1.186 1.137 4.14

4 0.553 0.586 −6.04 0.156 0.149 4.14 1.204 1.203 0.05

5 0.563 0.600 −6.63 0.162 0.171 −5.43 1.097 1.212 −6.84
6 0.580 0.602 −3.92 0.185 0.194 −5.06 1.260 1.196 5.13

Fig. 10 Response surfaces of Sm for DLTS hinge Fig. 11 Response surfaces of M* for DLTS hinges
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determined using DOE within the design domain. Some
DOE methods, such as orthogonal arrays, central com-
posite design, Latin hypercube, and full factorial are
available (Lindman 1992). The three-level full factorial
design is employed in this study, i.e., the central angle
φ is changed from 70° to 90° with a typical interval of
10°, the section radius R is changed from 15 to 21 mm
for every 3 mm and the separated distance s is increased
from 16 to 20 mm with a typical interval of 2 mm. The
responses of Sm, M

*, and Md of the DLTS hinges are derived
at these 27 sample points. The range and step size of the
central angle φ, section radius R, and tape-spring sepa-
ration for the DOE are listed in Table 3. The coefficients of
polynomial βi are calculated from the FEA results using
Eqs. (4) and (5).

The boundaries of the FE models are set as depicted
in Section 3.2. The FEA results of the quasi-static
deployment indices for the 27 design points are listed
in Table 4.

4.3 RS models of DLTS hinges

On the basis on the methodology of the Section 4.2, the
surrogate RS models for Sm, M*, and Md prediction of the
DLTS hinges with respect to design variable s, φ, and R
are derived from the DOE results, which are written as
follows:

Sm ¼ −3:8324þ 0:02198φþ 0:1419Rþ 0:2093s−0:002787s2

− 1:0175φ2 þ 47:05R2−9:4707φRþ 8:9865φsþ 20:735Rs
� �

�10−4

(12)

M � ¼ 1:3551−0:004534φþ 0:03062R−0:1782sþ 0:004136s2

þ 3:06� 10−2 φ2−5:1453R2−1:61φRþ 5:332φsþ 2:0764Rs
� �

�10−4

(13)

Md ¼ −4:9493þ 0:1683φþ 0:4018R−0:5465sþ 0:01223s2

− 0:644384φ2 þ 2:92R2 þ 5:740φR−1:102φs−9:408Rs
� �� 10−3

ð14Þ

The accuracy of the quadratic polynomial functions is
evaluated by substituting the approximation of the re-
sponses obtained from Eqs. (12)–(14) and the FEA results
into Eqs. (6)–(11), where M=27 (number of design sam-
ples) and N=10 (number of basic functions of the qua-
dratic polynomial). The values of R2, Radj

2 , RMSE, and RE
are computed and shown in Table 5. R2, Radj

2 are suffi-
ciently large, whereas RMSE and RE are sufficiently
small. The factorial selection of the evenly distributed
27 design points over the entire design domain is there-
fore checked.

To verify the accurate over the entire design domain six sets
of sample points, which are different from the 27 previous
sample points, are chosen to analyze using the ABAQUS and
calculate the accurate between the finite element (FE) results
and the RS results. The added six sample points are shown in
Table 6, and the REs between the numerical and surrogate
models for the six added sample points are listed in Table 7. It
is found that the REs are changed from −6.84 % to 4.57 %
which are no more than 10 %. Thus the response surface is
acceptably accurate.

The derived response surfaces for Sm, M
*, and Md of the

DLTS hinge with a section radius of R=18 mm are plotted in

Fig. 12 Response surfaces of Md for DLTS hinges Fig. 13 Pareto fronts ofM* andMd for the DLTS hinge with Sm≤0.6GPa
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Figs. 10, 11 and 12, respectively. Sm, M
*, and Md favor

different tape-spring section central angles and separated
distances. Optimizing these two moment objectives simul-
taneously is often impossible. Thus, the modified NSGA-
II algorithm for multiobjective optimization is selected to
determine the trade-off hinge configurations under differ-
ent design conditions.

5 Multi-objective optimization design (MOD) of DLTS
hinges

5.1 MOD approach and optimization algorithm

The DLTS hinges should be designed for the best quasi-
static deployment performances under pure bend loading.
To complete MOD, the steady moment, the peak moment
and concentrated stress are chosen according actual engi-
neering requirements. The driving moment M*, i.e., the
steady moment of quasi-static deployment that the DLTS
hinge generates should be larger than 0.18 Nm to ensure
full deployment, especially when the hinge deploys
against some resistive forces. In addition, the locking
moment Md, i.e., the peak moment during quasi-static
deployment that the DLTS hinge generates should be less
than 1.6 Nm in order to avoid excessive shock and over-
shoot in the hinge at the end of deployment. Thus, two
optimized objectives are chosen as driving and locking
moments. Furthermore, the concentrated stress during
quasi-static complete folding on the DLTS hinge should
be smaller than 0.6GPa to increase the repeated use times,
which is set as the constraint condition. The section cen-
tral angle φ, separated distance s, and the section radius R
of the tape-spring in the DLTS hinges are chosen as the
design variables. The DLTS hinge length (L=126 mm),
tape-spring layer thickness (t=0.12 mm), and clamp end
length (b=20 mm) are also set as constants in the design
process. Therefore, MOD models of the DLTS hinge with

two quasi-static deployment design objectives can be
written as follows:

Opt: M � φ;R; sð Þ≥0:18Nmm;Md φ;R; sð Þ≤1:6Nmmf g
S : t :Sm φ;R; sð Þ ≤ 0:6GPa;
70�≤φ≤90�;
15mm ≤ R ≤ 21mm ;
16mm ≤ s ≤ 20mm :

8>>>><
>>>>:

ð15Þ

Generally, the optimal design for theMOD problem cannot
be found. Thus, the design task is now to seek for the Pareto
optimal front among the design space. Modified NSGA-II
algorithm (Deb et al. 2002) is chosen to search for the Pareto
front of the contradictory objectivesM* andMd. According to
design requirements, the optimal designmust be chosen based
on the Pareto front.

5.2 Results and discussion

The MOD problems of the DLTS hinge under pure bend
loading are analyzed based on corresponding RS models.
NSGA-II is employed to find the optimal solutions with a
population size of 100 and a generation number of 120. The
value of the objective function is calculated as the sum of all
optimization objective components (OBJk) with a correspond-
ing weight factor (Wk) and scale factor (Sk) of the k-th objec-
tive component:

Objective ¼
X
k¼1

q OBJk �Wk

Sk
ð16Þ

where k (k=1, 2, …, q) is the number of the optimization
objectives, and q (q=2) is the total number of optimized
objectives.

If the weight and scale factors of the objective component
are equal and the order of magnitude of the objective compo-
nent vary considerably. Then the effect of the component with a
small magnitude weakens. Thus, the scale factor ofM* andMd

Table 9 The first optimal design of the DLTS hinge with Sm≤0.6GPa

s (mm) φ (deg) R (mm) Sm (Gpa) Md (Nm) M* (Nm)

RS model FEA RE (%) RS model FEA RE (%) RS model FEA RE (%)

19.490 83.619 20.878 0.572 0.571 0.939 1.336 1.413 −5.78 0.182 0.172 5.45

Table 8 Ideal optimums of the
two single objective functions for
the DLTS hinge

Single objective s (mm) φ (deg) R (mm) M* (Nm) Md (Nm) Sm (GPa)

Ideal M* 20 89.999588 18.460642 0.2201998 1.2868293 0.5999992

Ideal Md 20 79.403441 20.999996 0.1855228 1.5974097 0.5294499
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are set as 0.1 and 1.0, respectively, i.e., S1=0.1 and S2=1.0.
The weight factor of M* and Md are all set as 1.0, i.e., W1=
W2=1.0. The Pareto fronts for the quasi-static deployment
optimization problems of the DLTS hinge as defined in
Eq. (15) are obtained and plotted in Fig. 13. The shaded area
in the Pareto front is feasible region. If the designs are located in
the outside of the shaded area, such as points p, q and t, these
are not the optimal design. From the Fig. 13, it is revealed that
M* andMd are negatively correlated with the Sm, which is less
than 0.6GPa. Thus, the driving moment M* increases as the
locking moment Md decreases.

The two single-objective optimization design (SOD) are the
limiting points of the Pareto curve. These designs are located at
each end of the Pareto curve and are marked as a red solid five-
point star in Fig. 13. The optimum hinge configurations and
corresponding ideal optimal designs of the two single objec-
tive functions M* and Md are depicted in Table 8. Two opti-
mums with different section radii and central angles are found
in the same large tape-spring separation distance of s=20.

According to practical application conditions, two of the
optimum designs are obtained as listed in Tables 9 and 10. The
FE models for the optimal design configuration are also
established, as depicted in these tables. M* is lower than
0.18 Nm for the first optimal design configuration. Thus, this
optimal design configuration cannot be selected. However, for
the second optimal design configuration all three features are
suitable for the optimal model as depicted in Eq. (15). Both the
response surface and the finite element results for the second
optimum design are located in the shaded area. And the REs
between the RS models and the FEA results are also not more
than 7.68 % which demonstrates the accuracy of the surrogate
models. Thus, the second optimal design configuration is
selected as the last optimal design parameters, i.e., s=
19.844 mm, R=17.046 mm, and φ=84.698°.

6 Conclusions

This paper has presented a detailed study of the quasi-static
folding and deployment of the tape-spring hinge using numer-
ical method, experiments and the response surface method. The
numerical models are established for a particular DLTS hinge
and the corresponding moment-rotation profile during quasi-
static deployment is measured starting from the complete

folded configuration. One of the main contributions of this
study is validation of the numerical models for the tape-spring
hinges through the experiment data. The qualitative compari-
son of the deformation configuration shows that both entire
geometric configurations and the positions of the localized
deformation regions in a DLTS hinge are in good accordance
with each other. In addition, the comparison between the mea-
sured and predicted moment-rotation profiles during the quasi-
static deployment of the DLTS hinge has shown good qualita-
tive agreement. However, the main area of quantitative discrep-
ancy is the profile slope from the peak moment to the steady-
state moment. This discrepancy is caused by two reasons: one
reason is that the rigid clamp ends and the rigid clamp holders
enhance the bend stiffness of the DLTS hinges; another reason
is that the deployment test of the DLTS hinges has a small angle
twist caused by installation or manufacturing errors.

DLTS hinges are selected as a better configuration com-
pared to the behavior of the single-layer tape-spring (SLTS)
hinge. The numerical results indicate that bothMd and theM

*

of the DLTS hinge are two times as that of the SLTS hinge, but
the Sm of the DLTS hinge is less than that of the SLTS hinge
for all tape-spring hinge configurations. The numerical results
indicate that the DLTS hinge has better deployment capacity
and lower stress concentration compared with SLTS hinge.

The most important contribution of this paper is that the
optimal design is obtained using the validated numerical model
and the response surface method. The multiobjective optimi-
zation design (MOD) has been implemented by employing a
surrogate model and the modified non-dominated sorting ge-
netic algorithm NSGA-II algorithm. The quadratic polynomial
functions are chosen to construct the RSmodels. The surrogate
models of Sm, M

*, andMd are established for the DLTS hinge
based on the three-level full factorial design of experiments
method. The Pareto front of the MOD for the DLTS hinge that
contains a range of optimal designs is obtained. The values of
the driving moment M* and the locking moment Md are
negatively correlated with the maximum stress Sm, which is
less than 0.6GPa. Thus, the driving moment M* increases as
the locking moment Md decreases.
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Table 10 The second optimal design of the DLTS hinge with Sm≤0.6GPa

s (mm) φ(deg) R (mm) Sm (Gpa) Md (Nm) M* (Nm)

RS model FEA RE (%) RS model FEA RE (%) RS model d RE (%)

19.844 84.698 17.046 0.563 0.549 2.59 1.408 1.514 7.68 0.191 0.182 4.49
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