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Composite tape-spring hinge (CTSH) is a simple yet elegant mechanical component for various deployable space
structures. This paper formulates and addresses cut-out shape optimization of a CTSH, which is seldom touched upon
in literature. Both the maximum strain energy stored during the folding process as well as the maximum bending
moment during deployment were maximized in a concurrent way, and the multi-objective optimization problem was
realized by merging data-driven surrogate modeling and shape optimization. Four different surrogate modeling
techniques (radial basis function, kriging, Gaussian process regression, and artificial neural network) are evaluated
and compared. The maximum stored strain energy at the fully folded state and the maximum bending moment during
deployment for the optimal CTSH are increased by 50 and 35 %, respectively, compared to the initial design under a
previously developed composite failure criterion as constraint. To ensure reproducibility and foster future research,
we publicly share our full implementation with the source codes and trained models with the community.

Nomenclature
A,B,C reference points for boundary conditions
ABD = constitutive matrix
D = diameter of the end circle, mm

E, elastic modulus of resin, MPa

E; = stored strain energy, mJ

EP¥ = maximum stored strain energy, mJ

E, = longitudinal stiffness of tow, MPa

E,, E; = transverse stiffnesses of tow, MPa

F.F, = in-plane failure strengths, combination of
' failure coefficients

Fi., Fy = compressive strength parameters

Fi,, Fy = tensile strength parameters

F3,Fy, Fg = in-plane shear, bending, and twisting

strength parameters

FI, = critical value of the failure index

FI, = in-plane failure index

FI, = bending failure index
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FI; = coupled in-plane and bending index

Sfirfij = failure coefficients, combination of strength
parameters

G2, G5 = shear stiffnesses of tow, MPa

Gy = in-plane shear stiffness of tow, MPa

L = slot length, mm

M, = bending moment, N - mm

M = maximum bending moment, N - mm

Py, Py, P,, P; = control points of the cut-out shape

R? = correlation coefficient

Sy = safety factor

w = slot width, mm

X1, X2, X3, Y1, Y2 = coordinates of the control points, mm

9{ = rotation freedom degree about the i axis on j
point, i € {x,y,z},j € {A,B,C}

Ky = longitudinal curvature, 1/mm

K, = transverse curvature, 1/mm

v, = Poisson’s ratios of resin

V12, V13, U3 = Poisson’s ratios of tow

1. Introduction

OMPOSITE tape-spring hinge (CTSH), which is also known as

composite tube hinge, is a thin-walled cylindrical tube consist-
ing of two opposite and parallel cut-out slots that is commonly made
of high-strain composite laminates by laser cutting. The cut-out
design of a CTSH allows it to be folded elastically into a small
volume before and during launch and then unfolded by releasing
the stored strain energy for use once in orbit. The CTSH has been
developed and employed as one of the most fundamental mechanical
components for constructing large-scale space structures due to its
advantages, such as being lightweight and low cost. A CTSH serves
as aflexible “joint,” e.g., joining two large panels by their edges, and a
large-scale space structure usually consists of many such joints,
which makes it possible to pack a really large structure into a very
small volume. The most well-known application example of CTSHs
in a space mission is the antennas on MARSIS, the Mars Express
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Spacecraft launched by the European Space Agency (ESA) in June
2003. The MARSIS antennas employed a total of three composite
booms, and each of the booms consists of a number of CTSHs to be
folded for compact storage before launch [1,2]. Then, after a two-year
journey, in the summer of 2005, the booms were ultimately deployed
by removing the constraints, thus releasing the strain energy stored in
the folded CTSHs and allowing the booms to return to their original
deployed state. Additionally, several other design concepts for solar
arrays and antennas have also been proposed based on the use of
CTSHs, such as the three-parallel-slot CTSH [3], the triangular prism
mast [4], the integral folding hinges (IFH) in the support structure
concept [3,6], the nonplanar support structure design for deployable
reflectors [7], and the self-deployable truss of a novel space tele-
scope [8].

Considering the application scenarios of the CTSH, most previous
studies involve analyzing and evaluating its folding and deployment
performance. The performance of a CTSH could be characterized by
two basic measures, i.e., the strain energy stored during the folding
process and the bending moment exported by the CTSH during
deployment. Generally, it is expected to obtain a better deployment
performance if more elastic energy could be stored in the stowed state
since the subsequent deployment is driven by releasing the stored
energy. Although an analytical model has already been formulated to
determine the quasi-static moment—rotation relationship for the single-
layer tape-spring two decades ago [9,10], there are several limitations
that prevent its extension into the analysis of more complex laminated
structures like CTSHs. As a result, numerical simulation is alternative
to the analytical approach to analyze and evaluate the performance of
CTSHs and can be substituted for costly physical experiments. Over
the past decades, a substantial number of computational models have
been developed for simulating the folding and unfolding process of
CTSHs, and commercially available finite element packages such as
Nastran, Ansys, LS-Dyna, and Abaqus [1,2,11-13] have been widely
used to facilitate the interaction between industry and academia.
Among them, Abaqus takes on a powerful feature for analyzing the
highly nonlinear behavior (i.e., large geometric changes accompanied
by buckling and dynamic snapping, etc.) of the CTSHs. Abaqus/
Explicit solver has proven valuable in solving both the quasi-static
folding/unfolding and dynamic deployment problems, as well as the
built-in Python scripting interface eases the automatic generation
and calculation of finite element models [14]. Mallikarachchi and
Pellegrino [13,15] provided the first comparison between Abaqus/
Explicit quasi-static folding and deployment simulation results and
the experimentally measured behavior of a tape-spring hinge made
from carbon-fiber-reinforced plastic (CFRP) composite. It is shown
that not only the numerical model has successfully and quantitatively
captured the highly nonlinear behavior such as buckling and snapping
of CTSHs observed in experiments, but also the numerical model
provides more details about the stress redistribution and strain energy
variations during the process, which are not easy to be measured
through experiments. Moreover, several experimentally based failure
criteria have been developed to predict the failure behavior of thin-ply
CFRP laminates [16-19], and implementing these models into finite
element models allows for the prediction of failure strength of CTSHs.

Structural optimization design is also an important work in CTSH
research. In 2016, ESA started a project to develop novel elastic hinge
concepts for composite arms of deployable antennas. One of the main
challenges in designing the elastic hinges is that there are two opposing
requirements that need to be balanced here, i.e., flexibility to sustain
high-strain deformations and rigidity to support external loads and/or
reach certain natural frequencies [20,21]. Therefore, rigorous optimi-
zation research is required to find the optimal cut-out design for
CTSHs. It is quite straightforward to implement an optimization
procedure by combining numerical simulations with optimization
algorithms; in fact, many efforts have been devoted to this area.
Mallikarachchi and Pellegrino [22] carried out a sensitivity analysis
in order to analyze the effect of some geometric parameters such as the
slot length, width, and end circle diameter on the quasi-static folding
and deployment performance of composite tube hinges. Ye et al. [23]
proposed an optimal design approach combining a response surface
methodology (RSM)-based model with a large-scale generalized

reduced gradient (LSGRG) optimization algorithm for a self-locking
tape-spring under pure bending, and reported a 19.5% increase in the
steady-state moment while satisfying the maximum stress constraint.
Yang et al. [24] performed a multi-objective optimization design study
of the double-layer metallic tape-spring hinge using the modified
nondominated sorting genetic algorithm (NSGA-II) algorithm, where
the steady-state moment and peak moment of the hinge quasi-static
deployment are selected as two optimization objectives. Liu et al. [25]
established an optimization problem for CTSHs to obtain three con-
flicting objectives: minimizing the peak folding moment, maximizing
the peak torsional moment, and minimizing the mass. However, most
of the previous studies have focused on the size optimization of cut-out
slots, and the research on the shape and topology optimization of
CTSHs remains largely unexplored. The only closely related study
focuses on deployable thin shells forming a 90° joint, in which two
methods (a level-set function approach for topology optimization and a
spline representation for shape optimization) were developed to design
cutouts that allow damage-free folding of the stiffest possible design
with complex shapes [8].

High-fidelity finite element (FE) analysis of complicated composite
structures can be computationally expensive, particularly in the
process of optimization design where a large number of objective
function evaluations and design sensitivity analyses are involved.
Consequently, approximate metamodels or surrogate models are
becoming widely used in structural design [26-30]. These approxi-
mate models express the relationship between the objective functions
(outputs) and the design variables (inputs) with a simple explicit
function or a black-box function, enabling dramatic saving of com-
putational cost and exploration of a wider design space. Popular
surrogate models include response surface, kriging, neural networks,
radial basis functions (RBFs), support vector or Gaussian process
regression (GPR), and moving least squares, among others [26-30].
Modeling quasi-static folding and deployment process of CTSH is a
highly nonlinear process and is hard to converge. It is alternatively
solved by using a dynamic/explicit solver, but a high computational
cost, e.g., hours of computation for each case, has to be borne for
convergence. This becomes the biggest concern for structural opti-
mization problems where hundred or thousand times of structural
response calculations are involved. Developing much cheaper surro-
gate models to replace high-fidelity simulations is desperately
needed. For such a complicated problem of practical importance, it
is intriguing to use and compare various surrogate models for the
problem.

The main novelty of this work is that it tries to establish a surrogate
modeling-accelerated optimization procedure for finding the optimal
cut-out shape and maximizing the folding and deployment perfor-
mance of CTSH without causing any material failure. We firstly
develop a dynamic FE modeling scheme to simulate the quasi-static
folding and deployment behavior of CTSH subjected to rotation about
a transverse axis. A parametric study was conducted by analyzing the
effect of the cut-out size on the performance of the CTSH, and a well-
established failure criterion was introduced to estimate the failure of
the CTSH. We then formulate a multi-objective shape optimization
problem of the CTSH to concurrently maximize the stored strain
energy during folding and the maximum deployment moment during
deploying without causing failure of materials. The cut-out shape was
represented by a cubic spline and the coordinates of control points of
the spline were taken as design variables. Four different data-driven
surrogate modeling techniques were used to correlate the relation
between the design variables and objectives, and a comparison was
made among them. Finally, the surrogate model was substituted into a
genetic algorithm (GA)-based optimizer, and the optimized shape
obtained by this procedure demonstrates 50 and 35% increase in the
maximum stored energy and peak bending moment, respectively.

This paper is organized as follows. The FE model of the CTSH as
well as its folding and deployment behavior are described in Sec. II.
Emphasis is paid to the effect of simple shape variation by changing
one geometric size of the cut on the behavior of CTSH, implying the
importance of shape optimization. Section III gives a rigorous math-
ematical formulation of a multi-objective optimization problem.
The surrogate modeling technology used in this study and a detailed
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implementation of the optimization problem are given in Sec. IV. The
optimization results are discussed in Sec. V. Finally, some concluding
remarks are given in Sec. VI.

II. Mechanical Behavior and Failure Mechanism
of CTSH

Figure 1 presents the fully deployed stress-free state (a) and the
stowed state (b) of the CTSH. The CTSH was manufactured by cutting
two opposite and parallel slots into a thin-walled composite tube with a
diameter of 38 mm. The slot shape of the initial design is characterized
by the diameter of the end circle, D; the slot length L; and the slot width
W. The geometry of the slot is symmetric with respect to the longi-
tudinal and circumferential axes passing through the center of the slot.
In the following simulation, the geometry of the initial design is fixed to
be D =28 mm, L = 66 mm, and W = 10 mm.

‘We are concerned with the folding and deployment process of the
CTSH. To model the whole process, appropriate boundary conditions
need to be specified. Figure 2 shows the boundary conditions adopted
herein. Two end cross sections are assumed to be kinematically rigid,
which is realized by coupling the nodes on the two sections to
reference points A and B, respectively. For the section referenced
with point A, only rotation about the x axis, Oy, is allowed; for the
section referenced with point B, 8y and U$ are permitted. The rota-
tional degrees of freedom about the x axis of point A and point B are
correlated to a dummy point C, and a rotation 6 is prescribed to
induce the folding of the hinge. The hinge was discretized by four-
node reduced integration shell element (S4R) with a global element
size of 3.0 mm. The simulation was carried out by using the Dynamic/
Explicit solver in the nonlinear commercial FE code Abaqus 2020.
Quasi-static conditions were ensured by monitoring the model
energy variations throughout the whole simulation. A detailed
dynamic finite element procedure for calculating the quasi-static

38mm

a)

=== iy

buckling and collapsing of thin-walled tubular composite structures
can be found in our recent paper [31]. Modeling the whole folding-
unfolding process is time-consuming, and the running typically takes
about 3 h to complete in a PC with AMD Ryzen 7 3700X 8-Core CPU
at 3.59 Hz. Optimization of this hinge is thus prohibitively computer-
intensive, and surrogate modeling is desperately needed.

The CTSH is made from a two-ply £45 plain-weave laminate
(T300-1k/913 tow and HexPly 913 resin), with an areal density
of 260 g/m? and the 0° direction corresponding to the cylinder’s
axis. The material parameters used in the simulation are taken from
[13] and summarized as follows: E| = 159,520 MPa, E, = E; =
11,660 MPa, G12 = G13 = 3813 MPa, G23 = 3961 MPa, Vip =
v13 = 0.27, vy3 = 0.47, and p = 1.6 X 1076 kg/mm? for tow; and
E,, = 3390 MPaand v,, = 0.41 forresin. The elastic stiffness of this
specific laminate could be modeled with a constitutive matrix ABD,
shown in Eq. (1), according to a modified classical lamination theory
proposed by Mallikarachchi and Pellegrino [13]. The total length of
the hinge was set to be 220 mm, and 3300 elements were used to
discretize the hinge. A mesh independence was checked before
detailed simulation and optimization.

7714 6380 0 | 0 0 0

6380 7714 0 | 0 0 0

0 0 592 | 0 0 0
ABD=| - — — — —— — — | @

0 0 0 | 236 191 0

0 0 0 | 1901 236 0

0 0 0 | 0 0 199

where the units are newtons and millimeters.
The failure mechanism of composite materials is a long-standing
topic that is far from mature, and a considerable amount of research,

Fig. 1 Schematics of the CTSH: a) fully deployed, i.e., unstressed configuration, and b) folded, i.e., stressed configuration.

UA=UA=UA=0
0404 =0

UB=U%=0
02=02 =0

US=Ut=pt=0
65=05 =0

0% - 0% =05

Fig. 2 Finite element model of CTSH with mesh representation and boundary conditions.



Downloaded by XI'AN JAOTONG UNIVERSITY on July 26, 2022 | http://arc.aiaa.org | DOI: 10.2514/1.J061668

4 Article in Advance / JINETAL.

either experimental or theoretical, has already taken place. In this
study, the failure criterion proposed by Mallikarachchi and Pellegrino
[17] was adopted because it has proven useful for predicting the
material failure of two-ply plain-weave carbon fiber laminates and
has been successfully applied to solve the topology and shape opti-
mization problem for a thin-walled composite deployable joint struc-
ture in a recent work [8]. This criterion can be expressed in terms of
six forces and moment stress resultants N, N ys Noays M, M, and M X
with a set of three inequalities related to in-plane, bending, and
coupled in-plane and bending failure types, described as follows:

FIy = fiNo Ny + 11 (V2 4+ N3) 4+ foN N, + 55N, < 1

Fly = fa X max(M;zuMi) + fosMiy <1

N, N max(|M,|, |M,
FI; =max(—x J) +M<1

F.’ F, F,
@)
where the failure coefficients f; and f;; are given by
1 1 1 fu
h=h=F-F—/u=a=7F"u=-7%
Fy, Fy. FyFy. 2
1 1 1 3
fa= F*%ufzm = f55 = ?Z,.fsb = ng
and
Fo—= (i +feN)ESF1+F1N) =41 (FIN,+f 1 N2+ fNE = 1)
L 2fu ()
_ *(flJrflsz)i\/(fl+f12N;)2*4f|1(leHerNf*fHNEv*l)
Fy - 2fu

where F'; represent directly measured strengths in the tow directions
of the laminate, and the subscripts ¢ and ¢ denote tension and
compression, respectively. In light of the fact that the same woven
composite was used, we will take the strength parameters reported in
[32] as shown in Table 1.

To begin with, we focus on analyzing the failure mechanism of the
initial design of CTSH characterized by L = 66 mm, W = 10 mm,
and D = 28 mm. In Fig. 3a we report the evolution of the three
failure indices F1;, FI,, and FI; of all CTSH elements as a function
of folding angle during the quasi-static folding process. It is shown
that all the three indices show a rising trend as the hinge is being
folded from O toward 180 deg. Specifically, the values of F1, and F1;
approach and even exceed the failure critical value of 1.0 at the fully
folded state; in sharp contrast, the value of FI; is far below the
threshold during the whole process. Given also that both FI, and
FI5 reach their maxima at the fully folded state, we will focus on the
failure indices values of FI, and FI; at the fully folded state in the
reminder of this paper. Figure 3b gives the distribution of the three
failure indices at several typical folded angles in the process, i.e., 45,
90, and 172 deg. Itis clearly that the maxima of all three indices occur
in the cut-out edge regions, therefore emphasizing the importance of
cut-out shape optimization.

Table1 Material
strength parameters for
two-ply laminates of T300-
1k/913 tow and HexPly 913
resin [32]

Strength parameter  Value
Fi; = F5,N/mm 139.47
Fi.=F,.,,N/mm  63.42

F5, N/mm 17.73
F4 = F5, N/mm 5.07
Fg, N/mm 1.53

‘We then perform a parametric study to quantify the effect of cut-out
geometry design on the folding and unfolding performance, as well
as the failure mechanisms of CTSH. The results are given in Fig. 4. A
variety of geometry designs were generated by varying the diameter
of cut-out end circles, D, ranging from 10 to 28 mm, while the slot
length L and width W remained unchanged. Figure 4a plots the strain
energy stored in the folding process, E;, versus folding angle from
0 to 172 deg. When the folding process completes, the deployment
process follows. Figure 4b plots the bending moment M, versus the
deployment angle curve, where M, is extracted as reaction moment
when the folding angle is prescribed and varied from 172 to O deg. Itis
shown from Figs. 4a and 4b that, smaller end circles are preferred in
order to improve the deployment performance, namely, to obtain a
higher strain-energy stored in the folded state and a larger peak
moment during the deployment process. However, the reduction in
the cut-out size would on the other hand increase the risk of failure.
Figure 4c plots the maximum values of the three failure indices F1,
F1I,, and FI5. As can be seen, all the three failure indices increase as
the end circle diameter D decreases, and all of the designs presented
here are not safe because the values of FI, and FI; are both greater
than 1.0. These issues, therefore, necessitate careful optimization of
CTSH for finding an optimized cut-out shape that maximizes the
deployment performance without causing failure of materials.
Finally, we would like to note that varying the size of D in Fig. 4 is
somehow similar to the cut-out size optimization study in a previous
work [22], but it is not the shape optimization discussed below,
though.

III. Formulation of Multi-Objective Shape
Optimization Problem

‘We now describe the multi-objective shape optimization problem
of the CTSH, which s illustrated in Fig. 5. Figure 5a shows a zoom-in
picture of the local boundary shape to be optimized. A number of
controlling points, e.g., Py, Py, P,, and P3, are selected along the
boundary of interest, and the boundary shape is approximated via
interpolation through these controlling points. Specifically, a cubic
spline interpolation through the four controlling points is used to
describe the local shape of the half end circle as shown in Fig. 5a, and
symmetry is preserved for the remaining half circle. Thus the shape
optimization problem can be formulated by using the coordinates of
controlling points as design variables, which is a common practice in
many shape optimization problems [8,33,34]. During optimization,
Py is fixed and P5 is only allowed to move along the x axis; P, and P,
are allowed to move, respectively, within two areas enclosed by the
dotted line box. Therefore, the number of design variables is five,
i.e., X1, ¥1, X2, Yo, and x3.

For practical design of the folding and deployment of CTSH, several
concerns should be incorporated into one successful design, resulting
in a multi-objective optimization problem with constraints. The stored
strain energy, denoted by E|, is one physical parameter closely related
to the performance of CTSH: the strain energy represents the capability
of the CTSH for following deployment, and the larger the E;, the
greater the capability to deploy. Figure 5b plots the E versus folding
angle curve during the whole folding process when folding angle was
varied from O to 172 deg. The stored strain energy E, shows an overall
increase trend as a function of the folding angle, and the maximum
EY™ isrecorded. During the deployment process, the bending moment
M, versus deployment angle curve is shown in Fig. 5c and the
maximum bending moment MJ* is highly desirable. Thus, two
objective functions EY** and M}** should be concurrently maximized.
Note that an admissible safe design is guaranteed only if the design of
CTSH satisfies the failure criterion given beforehand. To summarize, a
rigorous mathematical formulation of the multi-objective shape opti-
mization for CTSH can be given as

Find:xy, x5, X3, y1, Y2
Maximize : M7* and E™ ®

Subjectto: FI; < FI. %S¢, i =1,2,3
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Fig.3 Failure mechanism of CTSH: a) the maximum failure indices FI; versus the folding angle, and b) deformation snapshots showing F I; distribution.

where the x1, x5, X3, 1, and y, are the five design variables, which are,
respectively, allowed to vary in the following ranges: x; € [45, 60],
Xy € [60,75], x3 € [60,75],y; €[5,15],and y, € [5,15], as shown
in Fig. 5a. M7* is the peak moment during deployment, and the
ET* is the maximum stored strain energy during folding. These two
objective functions are set as the multi-objectives that should be
maximized. The failure criterion with three inequalities was used as
constraint. Note that F'/. = 1.0 is the critical failure value as given in
Eq. (2), and a safety factor Sy = 0.93 is introduced in our practice to
overcome possible prediction errors of surrogate models. The safety
factor value is determined through trial and error, which will be
discussed later.

IV. Data-Driven Surrogate Modeling and Shape
Optimization of CTSH

A. Surrogate-Model-Based Shape Optimization Framework

The surrogate-model-based shape optimization framework con-
sists of four steps, as depicted in Fig. 6. The first step is the design of
experiments (DOE), in which the optimal Latin hypercube technique
was adopted to create a data set that samples the design space. The
sample size is set to 300 according to the trial-and-error method. The

DOE study was conducted twice independently: once for the training
data and again for the testing data. Second, FE calculations were
performed to generate the needed data used for the surrogate model
training and testing. Abaqus/Python scripts were developed to auto-
mate the simulation run for each sampling point, which take the five
design variables as input, run a high-fidelity simulation, and post-
process some outputs such as the mass of the hinge, the stored strain
energy at fully folded state, the peak moment during deployment, and
the failure indices. The third step employs the FE database to develop
the surrogate model for quickly predicting the performance of CTSH.
Herein, a total of four approaches (RBFs, kriging, GPR, and artificial
neural networks [ANNSs]) were used to construct the surrogate mod-
els. The above-mentioned surrogate models were all implemented in
an offline way. Finally, the surrogate model was imported into the
optimization software Isight 2020, and the optimization problem was
solved by a multi-objective genetic algorithm NSGA-II provided in
Isight. We note that the established optimization environment has
been demonstrated to be efficient and robust for a wide range of
optimization problems, either linear or nonlinear problems. One
recent example is the large deformation analysis and shape optimi-
zation of soft mechanical metamaterials [33]. To ensure reproduc-
ibility and foster future research, we publicize the data and codes for
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surrogate modeling and shape optimization of CTSHs via https://
github.com/XJTU-Zhou-group/Shape-optimization-CTSH.

B. Construction of Surrogate Models of CTSH

To apply the most accurate surrogate model for optimization tasks,
this section compares four surrogate model strategies. Actually,
the four surrogate models were constructed in different software

environments, which are, respectively, i) Isight for RBF; ii) in-house
MATLAB codes for kriging; iii) MATLAB Regression Toolbox for
GPR; and iv) Python and TensorFlow library for ANN.

The first surrogate model considered is the RBF model. Given a set
of sampling data, x® = {x(, x@ ... xT and the corresponding
observations y = {y(M,y@ ... yMT an RBF approximation f
is given as


https://github.com/XJTU-Zhou-group/Shape-optimization-CTSH
https://github.com/XJTU-Zhou-group/Shape-optimization-CTSH
https://github.com/XJTU-Zhou-group/Shape-optimization-CTSH
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ne

o) = ww =3 w(Jlx - x0]) ©)

i=1

where x is the prediction site, w are weights, and ¥ is the basis
function. The computation of w is simply given as

w=adly @)

where the so-called Gram matrix is @, ; = ¥(|lx —xD||), i, j =

1,2, ---, n. Various forms of basis functions are available, such as
linear, cubic, spline, Gaussian, multiquadric, and inverse multi-
quadric.

If the basic function in Eq. (6) is given as

k
o0 = exp (— >0l - xﬁ”V’f) ®)
Jj=1

this gives rise to the kriging model. Kriging allows the exponent
(pj = {p1. P2 -+, pitT) to vary for each dimension in x, and the
appearance of 6; allows the width of the basis function to vary from
variable to variable [26]. R

In the Gaussian process considered, an approximation f can be
written as

YO = flxO] + €0 ©)

where f[x(?]is the unknown function value at x”) to be approximated
by GPR, and ¢ is the GPR noise with standard deviation o that
also depends on the input point x(. If one desires to predict the

quantity of interest y*) at an new input point x**), then the GPR is
written as a multivariate Gaussian distribution:

y K+ R k.
[yu)] NN(O’ [ KT k[xm,x(*)]]) (10)

where, y = [y®,yD],i €[1,n],j €[1,n]. K> is a matrix con-
structed by k[x, x]. kT = {k(x®,x®) ... k(x™,x™)} is the
vector of kernel functions evaluated at all the pairs composed by the n
training points and the new point x*). The predicted mean and
variance of the quantity of interest y*) at the new point are then
written as

{mean[y(*)] =kI(K+R) 'y .

cov[y®] = kx™®, x®] - kT(K + R) 'k,

The MATLAB Regression Toolbox provides multiple kernel func-
tions, such as Squared Exponential Kernel, Exponential Kernel,
Matern 3/2, Matern 5/2, and Rational Quadratic Kernel [35,36].
In this paper, we use the “Optimizable GRP” technique, which
automatically selects the optimal type of kernel function as well as
the corresponding optimal hyperparameters to make the fitting accu-
racy of the agent model as optimal as possible.

ANN is a powerful class of data-driven function approximation
algorithm. The ANN for regression is composed of the first and the
last layers, with the sum of neurons equal to the number of input
and output dimensions, respectively, and a selected number of inter-
mediate hidden layers that can each contain an arbitrary amount of
neurons. The output of a layer is known as the activation. The
activation from one layer of an ANN is used as the input to the next
layer. The activation produced by the jth hidden layer of the ANN is
given by

2D =o(WWzU-D 4 p0)), Vje{l1,2,---,L} (12)
where WU € R%>41 is weight coefficient matrix, bY) € R% is bias
vector, and d; is the number of neurons in the jth hidden layer. Note
that z© is the input x®@ = {x(V, x@ ... xMT 2 js the output
yD =M y@ oo YT gy =n, 6 is a nonlinear function
applied elementwise on its arguments. Popular choices for ¢ include
the logistic function, the hyperbolic tangent function, or the rectified
linear unit (or ReLU) function [37,38]. In this paper, the ANN model
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consists of four fully connected (FC) layers (an input layer, an output
layer, and two hidden layers). The hidden layers have 64 neurons.
The input and output layers include five and four neurons, respec-
tively, equal to the size of input and output data. Rectified linear unit
(ReLU) was adopted as the activation function in all hidden layers
and input layer. We trained the network using the Adam optimizer.
Once the construction of a surrogate model is completed, it is crucial
to evaluate the accuracy of the approximation. The so-called R?
correlation coefficient is evaluated at m test points as

Zlmz i = y)z
where y; is the test data of the ith sample point, y; is the surrogate

model prediction at the locations of the test data, and y is the mean
valueof y;, i = 1,2, ---, m.

R? = (13)

V. Results

As discussed above, four surrogate modeling techniques are
adopted for quick prediction of the performance of CTSH. Figure 7
plots the predictions given by the four surrogate models as well as the
true FE results. The straight line corresponds to perfect prediction
with zero errors. The degree of data scattering and deviation from the
straight line is quantitatively characterized by the R’ measures
inserted in each figure. In general, the closer the R? to 1, the more
accurate the surrogate. The performance of surrogate models is
excellent in terms of M™%, E™_ and mass, all yielding R? measures
greater than 97%; while the discrepancy between prediction and test
data for failure indices is little bit bigger, but at least 70% R> measure
is obtained except the worst kriging approximation. It should be
pointed out that an as high as possible fitting accuracy is always
pursued for the surrogate-model-aided optimization work; however,
even a tiny improvement in the fitting accuracy can require a large
increase in the data size used for training the model [39], which will
lead to an excessive computational cost. The use of an insufficiently
accurate surrogate model may result in an inappropriate estimation
of CTSH performance. Our approach to overcome this issue is to

introduce a safety factor for the failure critical value as has been
described in Sec. III.

Figure 8 presents the optimization results obtained by the devel-
oped surrogate-model-based framework. Since the four surrogate
models give similar approximations as described above, only the
ANN-predicted optimal solution was shown here for concise display.
The optimal cut-out shape design along with the initial shape of
CTSH is given in Fig. 8a. Most recently, when this work was under
review, we found that a concurrent work [21] had reported a similar
optimization-resulted shape design of CTSH, where the objective of
their optimization was to maximize its natural frequency and no
surrogate model was used. We should admit that the composite
designs with sharp corners given by the present optimization, in
particular the spline boundary shape approximation, are only doable
for laboratory demonstration. This artifact of optimal boundary shape
can be remedied by increasing more boundary nodes for spline
approximation or by using higher-order boundary interpolation
schemes. Figures 8b—8d plot the convergence curves of NSGA-II
for finding the optimal solution, indicating that the two objectives
(i.e., M7™ and ET**) as well as the constraints (i.e., FI;, FI,, and
FI5) gradually converge after 20,000 iterations. We remind that, in
order to complete these iteration runs, only 600 FE simulation runs
are needed to generate the data used for the training and testing of the
surrogate models. And given the fact that the time spent in training
and calling surrogate models is negligible compared with the high-
fidelity FE calculations, therefore, we highlight that a substantial
computation time saving, (20,000-600)/20,000 = 97%, is achieved
for this particular problem. Furthermore, it is worth noting that F/5
was the largest of the three failure indices and also the only one
approaching the threshold value. In Table 2 we present comparison
among the cut-out shape optimization results obtained by using
different surrogate models. Each of the surrogate-model-predicted
optimal solution was validated by performing a high-fidelity FE
simulation. It can be seen that by taking a safety factor of 0.93 for
the failure indices, apart from kriging, the optimal designs obtained
by other surrogate models are all proven to be safe and effective. This
is consistent with the findings from Fig. 7 that kriging has the worst
prediction accuracy among others for this particular problem consid-
ered herein.
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7500 7.8
I 1200 | '
o
F 6000 _ ' 4 &
£ - ' 1000 - )
a - = 72
= 4500 3 £
= S 800 B
3 [ ® 4 $ § g i
£ 3000 é&i 4 RBF R’=0.981 & 4 RBF R’=0.99 A~ 4 RBF R’=0.996
R i " & Kriging R’=0.972 600 - @ Kriging R’=0.996 6.6 F ¥ @ Kriging R?=0.999
= GPR R>=0.980 L = GPR R>=0.996 : %y = GPR R=0.999
1500 |- Ae* 2 ® ANN R’=0.980 2 ® ANN R’=0.993 ® ANN R2=0.996
1 L 1 L " 1 " 400 L 1 1 " 1 " 1 63 " 1 " 1 " 1 " 1 L
1500 3000 4500 6000 7500 400 600 800 1000 1200 6.3 6.6 6.9 72 7.5 7.8
a) FE results [Nmm] b) FE results [mJ] c) FE results [g]
Failure Index(FI,) Failure Index(FI,) Failure Index(FI;)
9 3.5
1.5F 3.0F
]
4 6 . 25} 3
E 1.0} g E & § $ . s
2 : ’ % ° : .2 20F of 2 ; *
2 g . : T IRE Fut
(- w 979 o $
05k RBF R’=0.886 3t 'Y 4 8’ ® v RBF R=0715 B 15 - s° ¢ 4 RBF R:-0.745
: Kriging R’=0.850 ¥ ¢ @ Kriging R=0.627 @ Kriging R?=0.727
GPR R™-0.891 v « GPR R-=0.712 1.OF = GPR R™-=0.750
ANN  R>=0.890 v ® ANN R>0.715 ® ANN R2-0.748
0.0 1 1 1 O L 1 0.5 1 1 A 1 1
0.0 0.5 1.0 1.5 0 3 6 9 05 1.0 15 20 25 30 35
d) FE results e) FE results f) FE results

Fig.7 Evaluation of the performance and accuracy of four used surrogate modeling techniques (RBF, kriging, GPR, and ANN).
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Next, Fig. 9 presents the comparison between the folding and
deployment performance of the initial and optimal design. It can be
seen from Figs. 9a and 9b that both the stored strain energy during the
folding process and the peak moment during deployment show a
significant increase for the optimal design compared to the initial.
Specifically, Table 3 summarizes and compares the initial and the
optimal designs: EY'** increases from 699.98 to 1051.20 mJ, M*
increases from 4638.89 to 6328.60 N - mm, and the mass of the
structure also increases slightly from 7.10 to 7.56 g. We note that the
increase in mass is likely to result in an increase of torsional stability for
conventional CTSH characterized with end circles as described in [22],
but the effect of complex cut-out shape on the torsional stiffness of
CTSH remains unclear and needs further investigation. In addition, the
failure indices are all less than 0.93 when compared to the original
design with failure indices larger than 1, indicating that workable safe
structures are obtained through optimization. Figure 9c shows the

distribution of midsurface strain, midsurface stress, and failure indices
with respect to fully folded configurations for the optimal design.
Again, we observe that the maximum of all three indices occurs in
the cut-out edge regions, implying the importance of cut-out shape
optimization for CTSH.

Finally, in Table 4 we show the effect of choice of the safety factor
for failure indices on the optimization results. A variety of failure
safety factors ranging from 0.90 to 1.0 were used to perform the shape
optimization process. Each of the ANN-predicted optimal solutions
was validated by performing a high-fidelity FE simulation. As
expected, we found that a larger value of safety factor would lead
to an overestimate of the optimal performance; e.g., for the cases with
Sy = 0.95 and 1.0 the true FE calculation for the optimal design has
an FI; value above 1.0, which indicates that the optimal design is not
safe. On the other hand, a smaller value of safety factor results in a
conservative optimal solution. For the case with Sy = 0.90, it is

Table2 Comparison of optimization results based on different surrogate models

Parameter

FE testing

X{, MM  X;, Mm X3, mm y;,mm y,,mm Mass,g M7 N-mm Ef, m] FI, FI, FI;

RBF predicting 55.06 7152 6298 7.13 5.40 7.518 6199.1 999.9 0.664 0.662 0.930
FE testing 55.06 7152 6298 7.13 5.40 7.518 6187.6 998.2 0.754 0.710 0.935
Predict error _—  ——  ——  ——  —— 0% 0.19% 0.17% 11.94% 6.76% 0.53%
Kriging predicting  54.62 7031  64.18 6.56 5.00 7.541 6482.5 1048.7 0.635 0.599 0.930
FE testing 54.62 7031 64.18 6.56 5.00 7.547 6346.6 1061.1 0.824 0.819 1.07
Predict error - = = = —— 0% 2.14% 1.17%  22.94% 26.86% 13.08%
GPR predicting 56.35 7212 6324 6.99 5.00 7.522 6210.3 1010.1 0.643 0.601 0.930
FE testing 56.35 7212 63.24 6.99 5.00 7.524 6267.1 1019.7 0.615 0.762 0918
Predict error - = == == —— 0% 0.91% 094%  455% 21.13% 131%
ANN predicting 5490 70.88 61.94 6.66 5.00 7.551 6255.8 1021.7 0.713 0.702 0.930

5490 70.88 61.94 6.66 5.00 7.556 6328.6 1051.2 0.679 0.822 0.920
Predict error _ - - = —— 0% 1.15% 281%  5.01% 14.60% 1.09%
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Table3 Comparison of initial and optimal design (by ANN) performances

Design Mass, g M7*,N-mm E, mJ] FI, FI, FIj
Initial design 7.10 4638.89 699.98 0.29 1.09 1.08
Optimal design ~ 7.56 6328.60 1051.20 0.68 0.82 0.92
Increment 6.48% 36.42% 50.18% 134.48% —24.677% —14.81%

shown that although the value of FI3; is far less than 1.0, the improve-
ment on the two objective values, M}** and EY'**, is also less than the
case using Sy = 0.93.

VI. Conclusions

Thin-walled composite materials are gaining increasing interest on
design and real application of diverse aerospace structures owing to
their many unique features. Slots or cut-outs are introduced on
purpose into tube, boom, or shell-like thin-walled structures to make
these structures be compressed, folded, and stowed for a long period
of time, and then release on demand, giving rise to diverse forms of
deployable structures. The CTSH considered in this paper is one of

the typical examples of deployable composite structures. The boun-
dary shape of the cut-outs is crucial for the CTSH, either from the
point view of manufacturing or real application performance. Inten-
sive studies have been taken place on the design, analysis, fabrica-
tion, and experiment of folding and deployment of CTSH, but sparse
efforts have been devoted to structural optimization of CTSH,
although of few works on sizing or topology optimizations. Com-
pared with sizing optimization, shape and topology optimization is of
greater importance, but more challenging, and it is yet a topic seldom
touched upon.

To perform structural optimization of CTSH, calculating struc-
tural response of CTSH is inevitable. For structural optimization
problems, hundreds or thousands of iterations are needed; this is
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Table4 Comparison of optimization results based on different safety factors for failure indices

Sy ANN vs FE

) X|,Mm X, Mm X3, mm y;,mm y,,mm Mass,g MJ* N-mm E/™, ml] FI, FI, FI;
0.90 ANN predicting 5443  71.19  62.29 6.89 5.00 7.531 6208.6 1001.5 0.665 0.687 0.899
FE testing 5443  71.19  62.29 6.89 5.00 7.538 6272.1 1028.8 0.620 0.704 0.879
Predict error - = = == —— 0% 0.99% 265%  7.26% 241%  2.28%
0.93 ANN predicting 54.90 70.88  61.94 6.66 5.00 7.551 6255.8 1021.7 0.713 0.702 0.930
FE testing 5490 70.88  61.94 6.66 5.00 7.556 6328.6 1051.2 0.679 0.822 0.920
Predict error _ = == == —— 0% 1.15% 2.81%  5.01% 14.60% 1.09%
0.95 ANN predicting 57.37 6639  61.98 7.43 5.06 7.588 6471.2 1125.5 0.706 0.555 0.950
FE testing 5737 6639  61.98 7.43 5.06 7.581 6409.2 1108.7 0.808 1.025 1.148
Predict error _ —— = == —— 0% 0.97% 1.51% 12.62% 45.85% 17.25%
1.00 ANN predicting 57.16  66.24  62.03 6.88 5.00 7.600 6575.3 1157.5 0.785 0.539 0.999
FE testing 57.16  66.24  62.03 6.88 5.00 7.605 6548.4 1152.3 0.877 1.001 1.210
Predict error _ —— —— —— —— 0% 0.41% 045%  10.49% 46.15% 17.44%

prohibitively time-consuming and computer-intensive if every struc-
tural response or objective function evaluation is obtained by running
high-fidelity FE analysis. This issue is the biggest concern for folding
and deployment analysis of CTSH, which would typically take hours
to complete due to the complexity of large deformation, self-contact,
and the difficulty of convergence. Constructing a surrogate model via
extracting input—output relationship in an approximate yet much
cheaper way is vital for the realization of structural optimization
of CTSH.

This paper poses and formulates the multi-objective shape opti-
mization problem, and it tackles the problem by integrating data-
driven surrogate modeling and shape optimization. We describe the
surrogate models, detail the implementation, and discuss the frame-
work and software environment. The framework is comprised of an
offline data-driven surrogate modeling process, and an online opti-
mization process, and integrated in a seamless fashion. By perform-
ing a fraction of data points on design variables via the optimal Latin
hypercube sampling and evaluating structural responses through FE
analysis, surrogate models based on RBF, kriging, GPR, and ANN
were constructed and compared. The surrogate model was substi-
tuted into a GA-based optimizer, and used in lieu of high-fidelity FE
analysis to evaluate all objective function during the whole optimi-
zation process. For the CTSH shape optimization problem consid-
ered here, the method saves 97% of computing time and achieves 50
and 35% gains in terms of maximum stored energy and peak bending
moment, respectively.

The developed framework and methodology was applied to and
validated by a GA-based gradient-free optimization problems. Another
aspect of design sensitivity analysis, which is also time-consuming, is
avoided for this gradient-free algorithm. But the surrogate-modeling-
aided optimization strategy given here is definitely applicable to both
gradient-based and gradient-free optimization problems. The devel-
oped framework lays its basis on integration and automation of in-
house codes and commercial software, making the framework flexible
and versatile to meet various requirements. One possible extension of
this work is to apply the framework to investigate the effect of a cut-out
shape on the torsional stability of CTSH.
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