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Abstract

A Collaborative Optimization (CO) methodology for ring-stiffened composite material pressure hull of underwater vehicle is proposed.
Structural stability and material strength are both examined. Lamination parameters of laminated plates are introduced to improve the opti-
mization efficiency. Approximation models are established based on the Ellipsoidal Basis Function (EBF) neural network to replace the finite
element analysis in layout optimizers. On the basis of a two-level optimization, the simultaneous structure material collaborative optimization
for the pressure vessel is implemented. The optimal configuration of metal liner and frames and composite material is obtained with the
comprehensive consideration of structure and material performances. The weight of the composite pressure hull decreases by 30.3% after
optimization and the validation is carried out. Collaborative optimization based on the lamination parameters can optimize the composite
pressure hull effectively, as well as provide a solution for low efficiency and non-convergence of direct optimization with design variables.
Copyright © 2016 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords: Underwater vehicle; Composite material; Ring-stiffened pressure hull; Lamination parameters; Collaborative optimization

1. Introduction

As a key device of ocean exploration and subsea operation
the underwater vehicle is increasingly needed and is drawing
more attention (Yoo et al., 2015). The pressure hull is one of
the main structures of the underwater vehicle, which provides
load capacity for electronic systems and buoyancy for the
carrier structure (Fathallah et al., 2014). The ring-stiffened
hulls have better structural performances and are widely
used in underwater vehicles and submarines (Chen et al.,
2015).

The pressure hull is subjected to external water pressure
when the underwater vehicle dives in deep water. In order to
increase effective load and endurance, composite materials

have been adopted in the construction of underwater vehicles
due to the light weight, high specific strength, high specific
stiffness, resistance of corrosion and structural designability
(Lee et al., 2013).

The composition of plies provides freedom for structure
design. Laminate mechanical properties are determined by the
configuration, such as fiber volume fraction, number of plies,
ply thickness and fiber orientation angle, etc. (Pedersen, 2004;
Setoodeh et al., 2005). Therefore, the maximum potential of
structural performances can be stimulated by effective opti-
mization. In conventional optimization design, the material
properties of a single ply is always set first and the laminate
plates are directly optimized by adjusting ply thickness and
fiber orientation (Gurdal et al., 1999; Haftka and Gurdal, 1992;
Le and Haftka, 1993). Due to the discrete variables and
multiple-valued trigonometric functions, the optimization may
be trapped into local optimal solution. A pressure hull of un-
derwater vehicle demands materials with high strength and
stiffness, and more plies are needed to meet the requirements.
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It will introduce too many design variables (including ply
thickness and orientation, liner thickness and frame di-
mensions) to solve the corresponding optimal design problem.

The stiffness properties of laminates can be expressed by 12
lamination parameters representing the layup configuration of
laminates. They are functions of ply orientations, thickness
and number of plies (Jones, 1999). These 12 lamination pa-
rameters denote the in-plane, bending and shear stiffness ac-
cording to the classic plate theory and Mindlin plate theory.
Research has shown the feasibility of optimization design for
laminated plates by lamination parameters, since the rela-
tionship between the stiffness properties and lamination pa-
rameters of laminated plates is convex (Durand, 2008;
Foldager et al., 1998; Miki and Sugiyama, 1991). Compared
to the direct optimization with ply parameters as design vari-
ables, it is easier to optimize the design according to the
lamination parameters (Abdalla et al., 2007; Herencia et al.,
2008; Setoodeh et al., 2006; Thuwis et al., 2010; Topal and
Uzman, 2008).

In order to solve the optimal design problem of pressure
hull the Collaborative Optimization (CO) is adopted which
was proposed based on the optimization with compatibility
constraints (Kroo et al., 1994; Braun et al., 1997; Gu and
Renaud, 2001; Sobieski and Kroo, 1996). The method is a
distributed optimization of multidisciplinary design optimi-
zation (MDO). The CO method is characterized by a two-level
hierarchical structure which decomposes the optimization
problem into system level and discipline level (Martins and
Lambe, 2013). The system-level optimizer only provides
system and coupling variables, and local design variables are
treated exclusively in the discipline level. In the discipline
level, optimizers process in parallel, while optimization is
aimed at minimizing the incompatibility between design var-
iables and coinciding with the system optimization direction.
The system-level optimizer finds the system optimal solution
while coordinating the incompatibility of discipline level. In
conventional CO method the consistency equality constraints
are sometimes so strict that the optimization is unable to
converge. Sobieski and Kroo (2000) replaced the consistency
equality constraints of system-level by an approximation
model based on response surface estimation. Alexandrov and
Lewis (2002) introduced the slack factor to change the
equality constraints of system-level to inequality ones ac-
cording to relaxation method. Vikrant and Shapour (2006)
applied genetic algorithms to solve the CO problem. Li and
Azarm (2008) provided a robust solution by employing con-
cepts of interval uncertainty and its propagation.

Collaborative optimization has also been increasingly paid
attention to in the field of marine engineering. Belegundu et al.
(2000) presented a methodology for automated design syn-
thesis using CO to solve the attribute-based optimization
problem of underwater vehicles. Fu et al. (2012) proposed a
CO model to optimize a container ship structure on static and
dynamic responses. Luo and Lyu (2015) used the CO method
for hydrodynamic performance optimization of underwater
vehicles.

In this paper, according to the designability of composite
materials, a layout-and-layup collaborative optimization
scheme is established for minimizing the weight of a ring-
stiffened pressure hull of an underwater vehicle with the
lamination parameters as intermediate coordination variables.
Aluminium alloy is combined with composite material to
enhance the structure (Kim et al., 2010). Firstly, the lamination
parameters of laminated plates are introduced. Secondly, a
two-level optimization of the composite pressure hull is con-
ducted, where the structural and material constraints are both
met and the optimal solution provides initial value for
collaborative optimization. Finally, the simultaneous structure
and material collaborative optimization design for underwater
vehicle pressure hull is implemented. Finite element analysis
is conducted to validate the proposed optimization strategy
and the results are presented.

2. Lamination parameters and stiffness invariants

Based on the laminated plate theory, constitution equations
for a composite material laminated plate can be written as
(Jones, 1999; Vasiliev and Morozov, 2007):

2
4Nx

Ny

Nxy

3
5¼

2
4A11 A12 A16

A12 A22 A26

A16 A26 A66

3
5
2
4 ε0xε0y
g0
xy

3
5þ

2
4B11 B12 B16

B12 B22 B26

B16 B26 B66

3
5
2
4kxky
kxy

3
5
ð1Þ

2
4Mx

My

Mxy

3
5¼

2
4B11 B12 B16

B12 B22 B26

B16 B26 B66

3
5
2
4ε0xε0y
g0
xy

3
5þ

2
4D11 D12 D16

D12 D22 D26

D16 D26 D66

3
5
2
4kxky
kxy

3
5
ð2Þ

2
6666664

A11

A22

A12

A66

A16

A26

3
7777775
¼ t

2
6666666666666664

1 xA1 xA3 0 0

1 �xA1 xA3 0 0

0 0 �xA3 1 0

0 0 �xA3 0 1

0 xA2

=

2 xA4 0 0

0 xA2

=

2 �xA4 0 0

3
7777777777777775

2
66664
U1

U2

U3

U4

U5

3
77775 ð3Þ

2
6666664

B11

B22

B12

B66

B16

B26

3
7777775
¼ t2

4

2
6666666666666664

0 xB1 xB3 0 0

0 �xB1 xB3 0 0

0 0 �xB3 0 0

0 0 �xB3 0 0

0 xB2

=

2 xB4 0 0

0 xB2

=

2 �xB4 0 0

3
7777777777777775

2
66664
U1

U2

U3

U4

U5

3
77775 ð4Þ

374 B. Li et al. / International Journal of Naval Architecture and Ocean Engineering 9 (2017) 373e381



2
6666664

D11

D22

D12

D66

D16

D26

3
7777775
¼ t3

12

2
6666666666666664

1 xD1 xD3 0 0

1 �xD1 xD3 0 0

0 0 �xD3 1 0

0 0 �xD3 0 1

0 xD2

=

2 xD4 0 0

0 xD2

=

2 �xD4 0 0

3
7777777777777775

2
66664
U1

U2

U3

U4

U5

3
77775 ð5Þ

where Aij is the tension stiffness of laminated plate; Bij is the
coupling stiffness; Dij is bending stiffness; t is the thickness of
laminated plate.

The stiffness invariants are defined by:
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Q66 ¼ G12, E11 ¼ EfVf þ Emð1� Vf Þ,
E22 ¼ EmEf =EmVf þ Ef ð1� Vf Þ, G12 ¼ GfGm

GmVfþGf ð1�Vf Þ,

v12 ¼ vf Vf þ vmð1� Vf Þ, v21 ¼ E22

E11
v12; Ef and Em denote the

tensile modulus of fiber and matrix, respectively; Gf and Gm

denote the shear modulus; Vf is the fiber volume fraction of the
composite material.

The lamination parameters in Eqs. (3)e(5) are defined as:
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where xAð1;2;3;4Þ, xBð1;2;3;4Þ, xDð1;2;3;4Þ are lamination parameters
corresponding to tension, coupling and bending stiffness,
respectively; z is the normalized ply thickness coordinate of
laminated plates; q is the ply orientation.

For a laminated plate with n plies, the lamination param-
eters can be calculated by:
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It can be seen that the lamination parameters are only
related to ply thickness and orientation angle in the condition
of given ply number. Therefore, the structural stiffness matrix
of composite material can be expressed by the stiffness in-
variants and the lamination parameters, which are about ma-
terial performance and are determined by layup configuration,
respectively. The expression provides convenience for struc-
tural optimization of the laminated plates instead of opti-
mizing the ply thickness and orientation directly.

3. Structural layout optimization

In the two-level optimization the layout of the composite
material is optimized first where the design variables are fiber
volume fraction Vf, laminated plate thickness t, number of
inner ring frames N, frame section width b and frame section
height h. The shell circumferential stress of liner layer at the
midpoint of two neighbouring frames s1, shell axial stress of
liner layer at frames s2 and frame stress sr are checked with
aluminium alloy yield stress ss. For thin-shell structures under
external pressure, the buckling should be taken into consid-
eration. Here the structural stability requirement is assumed to
be met when the critical buckling pressure Pcr is greater than
design pressure Pd. What's more, the failure criteria of com-
posite material is different from that of the metal due to the
anisotropy. In this paper, Tsai-Wu criteria is adopted to eval-
uate the failure of the composite material. The failure index of
orthotropic composite material under plane stress is expressed
by the following formula, where Fi and Fij are the strength
parameters of stress space.

Fc ¼ F1s1þF2s2þF11s
2
1 þF22s

2
2 þF66s

2
6 þ 2F12s1s2<1 ð9Þ

For the definition of layout optimization problem, it
follows:

min m
�
Vf ; t; N; b; h

�
s:t: s1 � 0:85ss;s2 � 1:15ss;sr � 0:6ss

Pcr � Pd;Fc<1
tmin � t � tmax;Vfmin � Vf � Vfmax

bmin � b� bmax;hmin � h� hmax

Nmin � N � Nmax
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In order to improve the efficiency of solving the optimi-
zation problem above, finite element simulations are con-
ducted according to Latin hypercube design of experiment in
the design variable space. Based on the results the neural
network (NN) approximation model is set up with ellipsoidal
basis functions (EBF). It divides the input space by super el-
lipses, where the output value of the function is obtained ac-
cording to the distance from the input sample data to the
ellipse center and the relative position of sample to the ellipse.
From this the closed and bounded sample activation area is
formed. The EBF neural network is a feedforward network
model composed of the input layer, hidden layer and output
layer. The Mahalanobis distance between the measured point
and the sample point is the independent variable. For n
dimensional input variablex1; :::; xN2R, the basis function is

an ellipsoidal functiongi ¼ gð��x� xj
��
m
Þ2R; ðj ¼ 1; :::;NÞ.

And the EBF network is constructed by linear superposition.
The input and output layer can be expressed as:

f inj ðxÞ ¼ 1�
Xn
i¼1

�
xi � cji

�2
b2ji

ð10Þ

f outj ðxÞ ¼ eb þ 1

eb
*

1

1þ exp
�� bf inj ðxÞ

� ð11Þ

where cji and bji denote the center and semimajor of ellipse
element j in dimension i; b is slope adjustment parameter of
sigmoid function.

The optimization is computed with the multi-island genetic
algorithm, where the structural stability, failure index of
composite material and metal liner strength are constraints,
and the weight of the pressure hull is the optimization
objective. Combined with the approximation model, the pre-
liminary optimal layout and material solution of ring-stiffened
composite material pressure hull can be obtained with the
given ply orientation angles by iterations. The process flow of
the optimization is shown in Fig. 1.

4. Laminate layup optimization

The structural performances of composite material lami-
nates are susceptible to changes in angles of fiber orientations
of plies (Fathallah et al., 2015). The iteration is hard to
converge for optimization with ply angles directly set as
design variables. Multivariable varying in large range leads to
difficulty in solving the optimization problem. Therefore, in
the second level of optimization, the lamination parameters are
introduced as intermediate coordination variables. The struc-
tural stability and strength are simultaneously under the con-
straints, and the layup optimization is defined as follows:

max J ¼
�
1� l

30

Pcr

�2

þ ð1�FcÞ2

s:t: Fc<1;Pcr � Pd

s1 � 0:85ss;s2 � 1:15ss;sr � 0:6ss

�1� x
ðA;B;DÞ
i � 1 ði¼ 1; 2; 3; 4Þ

�p=2� qk � p=2 ðk ¼ 1; 2; /;5Þ

where l is a scaling factor; Jis the objective index considering
the structural critical buckling pressure and composite mate-
rial failure index. In this level the lamination parameters

x
ðA;B;DÞ
i are design variables, and the maximum J is calculated
by multi-island genetic algorithm based on the fiber
volume fraction, laminate thickness, number of frames and
frame section optimized by first level. The relationship be-
tween the lamination parameters and the performances of the
structure material is established by second level of optimiza-
tion. The optimal lamination parameters are obtained for
lamination layup, providing calculation basis for collaborative
optimization.Fig. 1. Flow chart of layout optimization based on approximation model.
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5. Collaborative optimization based on lamination
parameters

The collaborative optimization of ring-stiffened composite
material pressure hull is a two-level hierarchy, system level
and discipline (subsystem) level. In the structure layout

subsystem optimization, the pressure hull's fiber volume
fraction, laminate thickness, number of frames and frame
section dimension are design variables. The structural critical
buckling pressure, composite material failure index and liner
strength are constraints. In the layup subsystem optimization
the ply orientation angles are design variables, and the lami-
nation parameters are calculated according to these variables.
The system level optimizer coordinates the compatible con-
straints returned by subsystems with slack constraints. The
optimal solution satisfying both the structure and material
requirements can be computed by iterations. Fig. 2 illustrates
the frame of the collaborative optimization of composite ma-
terial pressure hull.

The system level optimization is defined by:

min m
�
Vs
f ; t

s; Ns; bs; hs; qsk

�
s:t: J1 � ε1; J2 � ε2

tmin � ts � tmax; Vfmin � Vs
f � Vfmax

bmin � bs � bmax; hmin � hs � hmax

Nmin � Ns � Nmax
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J3 ¼
�
xAs1 � xA1

�2 þ �xAs3 � xA3
�2 þ �xDs1 � xD1

�2 þ �xDs3 � xD3
�2
ð14Þ

where the superscript “s” denotes the system level variables;J1
is the compatible constraint from layout optimization; J2 is the
compatible constraint from layup optimization evaluating the
error of ply orientation angles qk; ε1 and ε2 are slack factors to

Fig. 2. Collaborative optimization frame of ring-stiffened composite pressure

hull.

Table 1

Mechanical properties of materials.

Aluminum liner Matrix Fiber

Density/(g/cm3) 2.81 0.98 1.8

Elastic modulus/GPa 71.7 4.62 233

Shear modulus/GPa e 8.27 8.96

Poisson's ratio 0.33 0.36 0.2

Table 2

Original design of the pressure hull.

t/mm 18

Vf 0.6

N 6

b/mm 25

h/mm 20

Ply orientation ½0; 45; 90; �45; 45�sym
m/kg 36.71

Fig. 3. Sectional drawing.
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avoid the non-convergence due to the strict constraints. The
layout subsystem optimizer aims to find the minimum J1 ac-
cording to the system level values passed to it and the
objective of the layup subsystem optimization is J3. After each
iteration the subsystems return J1 and J2 to system level
optimizer. The system level optimizer adjusts the design var-
iables according to the responses. In order to calculate the
optimal solution in system level optimizer the sequential
quadratic programming is utilized. When the responses
converge the collaborative optimization stops.

6. Integrated optimization of pressure hull

6.1. Problem description

The optimization objective is a ring-stiffened composite
material pressure hull of an underwater vehicle designed for
2000 m water depth. It is composed of metal liner and outer
winding fiber reinforced composite material. Inner ring
frames are uniformly distributed. Length of the pressure hull
L ¼ 1000 mm, and the inner radius R ¼ 150 mm. Aluminium
alloy is adopted for liner layer and the inner frame stiffeners,
where the liner thickness is1 mm. Matrix of the composite
material is made of epoxy resin, and the reinforced fiber is

Fig. 4. Finite element model.

Table 3

Factors of latin hypercube design.

Parameters Lower boundary Upper boundary Baseline

t/mm 11.7 20.7 18

Vf 0.27 0.83 0.6

N 4 8 6

b/mm 8.75 31 25

h/mm 4 26 20

Fig. 5. Approximation model.
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T800 carbon fiber. In order to avoid the tension-bending
coupling effects, 10 layers are symmetrically laminated and
the material properties of the layers are same. Material
properties are demonstrated in Table 1. Table 2 shows the
original design of the pressure hull, and sectional drawing are
shown in Fig. 3. Finite element analysis is conducted in the
following steps. A parametric model is established with the
material and geometric parameters. Different variables are
set as input and output parameters in phases. A total of 2688
shell elements and 288 beam elements are used for cylin-
drical hull and frames in the original design. Hydrostatic
pressure is loaded on the hull. The finite element model is
illustrated in Fig. 4. Sometimes structural performances of
composite materials shows instability. In this work the study
is based on deterministic optimization. Therefore, a safety
factor is introduced to ensure the reliability of the optimi-
zation results.

6.2. Layout optimization

The first level optimization is layout optimization. The
design variables are fiber volume fraction Vf, laminated plate
thickness t, number of frames N, frame width b and frame
height h. The ranges of the parameters are: 0:3 � Vf � 0:7,

12 mm � t � 20 mm, 4 � N � 8, 10 mm � b � 30 mm
and 5 mm � h � 25 mm. The safety factor of 1.5 is adopted
and the design pressure of the vessel is Pd ¼ 30 MPa for
2000 m water depth. The yield strength of aluminum alloy is
ss ¼ 455 MPa. The design variables Vf, t, N, b, h are set as
input parameters and the shell circumferential stress of liner at
the midpoint of two neighbouring frames s1, shell axial stress
of liner at frames s2, frame stress sr, critical buckling pressure
Pcr and failure index Fc are output parameters. Based on Latin
hypercube method a design of experiment is conducted with
1000 calculations. Table 3 shows the factors of the Latin hy-
percube design. And according to the responses of parameter
samples the EBF neural network approximation model is
established. Fig. 5 illustrates the three-dimensional model of
output responsesPcr, Fc and sr with Vf, t and N.

The multiple correlation coefficient R2 is used to evaluate
the error of estimation from exact response:

R2 ¼ 1�
Pn

i¼1 ðyi � byiÞ2Pn
i¼1 ðyi � yÞ2 ð15Þ

where n is number of sample points; yi is exact response; byi is
estimated values; y is mean value of exact responses. Gener-
ally the approximation model is assumed to be accurate
enough if R2 is greater than 0.9 when the sample points are
sufficient. 200 sample points are randomly selected from the

Table 4

R2 values.

Fc Pcr s1 s2 sr

0.99699 0.99919 0.99941 0.99979 0.99988

Fig. 6. Error analysis.

Table 5

Layout optimization results.

t/mm Vf N b/mm h/mm

16 0.66 4 16 23

Table 6

Layout optimization output.

Pcr/MPa Fc sr/MPa s1/MPa s2/MPa

88.84 0.604 270.9 216.91 97.01

Table 7

Layup optimization results.

xA1 xA3 xD1 xD3

0.4118 0.7612 �0.1117 0.0029

Table 9

Collaborative optimization results.

Vf t/mm N b/mm h/mm q1/
� q2/

� q3/
� q4/

� q5/
�

0.59 14 4 23 11 24 18 �24 �28 �63

Table 10

Collaborative optimization outputs.

Pcr/MPa Fc sr/MPa s1/MPa s2/MPa m/kg Optimization rate

46.013 0.45 250.21 187.33 82.67 25.584 30.3%

Table 8

Layup optimization output.

Pcr/MPa Fc sr/MPa s1/MPa s2/MPa

86.25 0.291 192.31 148.99 70.83
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design space to conduct the error analysis. Table 4 shows the
R2 values and Fig. 6 demonstrates the results of error analysis.
The approximation model based on EBF neural network can
represent the exact model well. Layout optimization is
implemented with multi-island genetic algorithm and com-
bined with the EBF approximation model. The results are
illustrated in Table 5, and the optimized output is shown in
Table 6.

6.3. Layup optimization

The second level is layup optimization. The design vari-

ables are lamination parametersx
ðA;B;DÞ
i ði ¼ 1; 2; 3; 4Þ, and

the ranges are �1 � x
ðA;B;DÞ
i � 1. Plies are symmetrically

laminated and lamination parameters satisfy that

xBi ¼ 0; x
ðA;DÞ
2 ¼ 0. According to the results of the first level

optimization, the layup optimization is implemented with
multi-island genetic algorithm maximizing the structural in-
tegrated performance. Table 7 shows the design variables
(lamination parameters) after optimization and Table 8 shows
the corresponding structural performance outputs.

6.4. Collaborative optimization

According to the optimization scheme proposed and the
parameters provided by the two-level optimization above,
collaborative optimization of the composite pressure hull
based on lamination parameters is implemented. Table 9
demonstrates the optimization results and Table 10 shows
the corresponding structural responses at the optimal solution
of design variables. After optimization the weight of the
pressure hull decreases by 30.3%. The finite element analysis
is carried out with the collaborative optimization result and the
contour plots of Tsai-Wu failure index and first order modal
are shown in Fig. 7. The optimized design scheme meets the
requirements both of the structural stability and material
strength. It validates the feasibility of the collaborative opti-
mization frame.

7. Conclusions

Based on the designability of composite materials a struc-
ture material integrated optimization scheme is proposed for a

ring-stiffened composite material pressure hull of underwater
vehicle with the objective of minimum weight, in which the
collaborative optimization method is applied and the lamina-
tion parameters are introduced. By optimization the weight of
the composite pressure hull decreases. The constraints of
structural stability, strength of the composite material and
strength of metal material are met at the same time. The
application of EBF approximation model and the introduction
of lamination parameters solve the low efficiency and non-
convergence problems of direct optimization for composite
material pressure hull. The presented method can also be
developed for bearing structure design of composite material
underwater vehicles.

Acknowledgements

The presented work is financially supported by the National
Natural Science Foundation of China (51009040yE091002)
and the National High Technology Research and Development
Program of China (2011AA09A106).

References

Abdalla, M.M., Setoodeh, S., Gurdal, Z., 2007. Design of variable stiffness

composite panels for maximum fundamental frequency using lamination

parameters. Compos Struct. 81, 283e291.

Alexandrov, N.M., Lewis, R.M., 2002. Analytical computational aspects of

collaborative optimization for multidisciplinary design. AIAA J. 40 (2),

301e309.

Belegundu, A.D., Halberg, E., Yukish, M.A., Simpson, T.W., 2000. Attribute-

based multidisciplinary optimization of undersea vehicles. In: 8th Sym-

posium Multidisc Anal Optim.

Braun, R.D., Moore, A.A., Kroo, I.M., 1997. Collaborative architecture for

launch vehicle design. J. Spacecr. Rocket 34 (4), 478e486.

Chen, M., Xie, K., Jia, W., Xu, K., 2015. Free and forced vibration of ring-

stiffened conicalecylindrical shells with arbitrary boundary conditions.

Ocean. Eng. 108, 241e256.

Durand, L.P., 2008. Composite Materials Research Progress. Nova Science

Publishers, New York.

Fathallah, E., Qi, H., Tong, L., Helal, M., 2014. Design optimization of

composite elliptical deep-submersible pressure hull for minimizing the

buoyancy factor. Adv. Mech. Eng. 2014, 987903 http://dx.doi.org/10.1155/

2014/987903.

Fathallah,E.,Qi,H.,Tong,L.,Helal,M., 2015.Designoptimizationof lay-upand

compositematerialsystemtoachieveminimumbuoyancyfactorforcomposite

ellipticalsubmersiblepressurehull.ComposStruct.121,16e26.

Foldager, J., Hansen, J.S., Olhoff, N., 1998. A general approach forcing

convexity of ply angle optimization in composite laminates. Struct. Optim.

16, 201e211.

Fig. 7. Contour plots of ring-stiffened composite pressure hull.

380 B. Li et al. / International Journal of Naval Architecture and Ocean Engineering 9 (2017) 373e381



Fu, S., Huang, H., Lin, Z., 2012. Collaborative optimization of container ship

on static and dynamic responses. Procedia Eng. 31, 613e621.

Gu, X., Renaud, J.E., 2001. Implicit uncertainty propagation for robust

collaborative optimization. In: 27th ASME Design Automation Confer-

ence. DAC-21118, pp. 9e12.
Gurdal, Z., Haftka, R.T., Hajela, P., 1999. Laminated Composite Materials.

John Wiley & Sons, USA.

Haftka, R.T., Gurdal, Z., 1992. Elements of Structural Optimization. Springer,

Kluwer.

Herencia, J.E., Weaver, P.M., Friswell, M.I., 2008. Optimization of anisotropic

composite panels with T-shaped stiffeners including transverse shear ef-

fects and out-of-plane loading. Struct. Multidiscip. Optim. 37, 165e184.
Jones, R.M., 1999. Mechanics of Composite Materials. Taylor & Francis,

London.

Kim, Y.h., Jo, Y.D., Bae, S.Y., Sin, S.J., 2010. Material design of Al/CFRP

hybrid composites for the hull of autonomous underwater vehicle. In:

OCEANS IEEE Syd., OCEANSSYD.

Kroo, I.M., Altus, S., Braun, R.D., Gage, P., Sobieski, I., 1994. Multidisci-

plinary optimization methods for aircraft preliminary design. In: 5th

Symposium Multidisc Anal Optim, pp. 697e707.

Le, R.R., Haftka, R.T., 1993. Optimization of laminated stacking sequence for

buckling load maximization by genetic algorithms. AIAA J. 31 (5), 951e956.

Lee, G.C., Kweon, J.H., Choi, J.H., 2013. Optimization of composite sandwich

cylinders for underwater vehicle application. Compos Struct. 96, 691e697.

Li, M., Azarm, S., 2008. Multiobjective collaborative robust optimization with

interval uncertainty and interdisciplinary uncertainty propagation. J. Mech.

Des. 130 (8), 1e11.
Luo, W., Lyu, W., 2015. An application of multidisciplinary design optimi-

zation to the hydrodynamic performances of underwater robots. Ocean.

Eng. 104, 686e697.
Martins, J.R.R.A., Lambe, A.B., 2013. Multidisciplinary design optimization:

a survey of architectures. AIAA J. 51 (9), 2049e2075.

Miki, M., Sugiyama, Y., 1991. Optimum design of laminated composite plates

using lamination parameters. AIAA J. 32 (1), 275e283.

Pedersen, P., 2004. Examples of density, orientation, and shape-optimal 2D-

design for stiffness and/or strength with orthotropic materials. Struct.

Multidiscip. Optim. 26, 37e49.
Setoodeh, S., Abdalla, M.M., Gurdal, Z., 2005. Combined topology and fiber

path design of composite layers using cellular automata. Struct. Multi-

discip. Optim. 30, 413e421.
Setoodeh, S., Abdalla, M.M., Gurdal, Z., 2006. Design of variable - stiffness

laminates using laminate on parameters. Compos Pt B-Eng 37,

301e309.

Sobieski, I., Kroo, I.M., 1996. Aircraft design using collaborative optimiza-

tion. In: 34th AIAA Aerospace Science Meeting, pp. 15e18. AIAA Paper

96-0715.

Sobieski, I.P., Kroo, I.M., 2000. Collaborative optimization using response

surface estimation. AIAA J. 38 (10), 1931e1938.
Thuwis, G.A.A., Breuker, R.D., Abdalla, M.M., Gurdal, Z., 2010. Aeroelastic

tailoring using lamination parameters. Struct. Multidiscip. Optim. 41,

637e646.
Topal, U., Uzman, U., 2008. Thermal buckling load optimization of laminated

composite plates. Thin-Walled Struct. 46, 667e675.

Vasiliev, V.V., Morozov, E.V., 2007. Advanced Mechanics of Composite

Materials. Elsevier Science, Oxford.

Vikrant, A., Shapour, A., 2006. A genetic algorithms based approach for

multidisciplinary multiobjective collaborative optimization. In: 11th

AIAA/ISSMO Multidisciplinary Analysis and Optimization Conference.

The AIAA, 2006, pp. 630e646.
Yoo, S.Y., Jun, B.H., Shim, H.G., Lee, P.M., 2015. Design and analysis of

carbon fiber reinforced plastic body frame for multi-legged subsea walking

robot. Crabster. Ocean. Eng. 102, 78e86.

381B. Li et al. / International Journal of Naval Architecture and Ocean Engineering 9 (2017) 373e381


