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The joined wing is a new concept of the airplane wing. The forewing and the aft wing are joined together in the

joined wing. The joined wing can lead to increased aerodynamic performances and reduction of the structural

weight. The structural behavior of the joinedwing has a high geometric nonlinearity according to the external loads.

Therefore, the nonlinear behavior should be considered in the optimization of the joined wing. It is well known that

conventional nonlinear response optimization is extremely expensive; thus, the conventional method is almost

impossible to use for large-scale structures such as the joined wing. In this research, geometric nonlinear response

optimization of a joined wing is carried out by using equivalent loads. The used structure is a joined wing that is

currently being developed in the U.S. Air Force Research Laboratory. Equivalent loads are the load sets that

generate the same responsefield in linear analysis as that fromnonlinear analysis. In the equivalent loadsmethod, the

external loads are transformed to the equivalent loads for linear static analysis, and linear response optimization is

carried out based on the equivalent loads. The design is updated by the results of linear response optimization.

Nonlinear analysis is carried out again and the process proceeds in a cyclicmanner until the convergence criteria are

satisfied. It was verified that the equivalent loads method is equivalent to a gradient-based method; therefore, the

solution is the same as that of exact nonlinear response optimization. The fully stressed designmethod is also used for

nonlinear response optimization of a joined wing. The results from the fully stressed design and the equivalent loads

method are compared.

I. Introduction

T HE joined-wing airplane may be defined as an airplane that
incorporates tandemwings arranged to form diamond shapes in

both top and front views. Figure 1 shows a general joined-wing
aircraft in which the forewing and aft wing are joined.Wolkovich [1]
published the joined-wing concept in 1986. The joined wing has the
advantage of a longer range and loiter than those of a conventional
wing. Generally, the weight of the joined-wing aircraft is lighter than
that of a conventional wing. Miura et al. [2] employed an
optimization method to study the effects of joined-wing geometry
parameters on structural weight. Gallman andKroo [3] offeredmany
recommendations for the designmethodology of a joinedwing. They
used the fully stressed design (FSD) for optimization. Blair et al. [4]
initiated nonlinear exploration on a joined-wing configuration in
2005. The U.S. Air Force Research Laboratory (AFRL) has been
developing an airplane with the joined wing to complete a long-
endurance surveillance mission [4–8]. Lee et al. [9] performed
dynamic response structural optimization of a joined wing using

equivalent static loads. They considered the dynamic effect of the
joined wing in optimization.

The joined wing has high geometric nonlinearity [4]. Geometric
nonlinearity should be considered when deformation is large enough
so that the equilibrium equations must be written with respect to the
deformed structural geometry. Also, the loadsmay change directions
as they increase [10]. Generally, the applied loads act vertically as a
lifting force for the joined wing. The displacement of the wing tip
becomes very large as the applied loads increase. The load directions
are changed due to the large deformation of the joined wing.
Therefore, the followed force, at the last stage of the deformation,
should be considered.

Gust is themovement of the air in turbulence, and the gust load has
a large impact on the airplane [11]. The gust loads are the most
important loading conditionswhen an airplanewing is designed. The
gust loads for a joined wing have been calculated by the researchers
of the AFRL [4]. Static loads for the gust can be generated from an
aeroelastic model by the panel method [12].

During the past decades, many finite element theories considering
nonlinearity have been developed and applied to practical problems
[10,13,14]. However, it is not easy to mathematically optimize a
structure with nonlinear behavior, because calculation of nonlinear
sensitivity is extremely difficult or expensive [15–17]. Sensitivity
information is used tomake the decision of the direction of the design
change [18–20]. In a nonlinear system, a linear relationship between
the external force and structural behavior cannot be expected.
Therefore, many nonlinear analyses are required in the optimization
process.

In previous research, Blair et al. [4] performed nonlinear structural
optimization of a joined wing using FSD. FSD is a non-gradient-
based algorithm that is used for resizing element thicknesses or areas
so as to produce a design in which each designed property is subject
to its maximum allowable stress. FSD provides a rapid means of
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performing initial sizing of aerospace vehicles and allows for the
design of a virtually unlimited number of element sizes. The FSD
method is efficient for designing structures subject only to stress
constraints. The thickness or area can be used as design variables.
The solution of FSD is not relatively as exact as that of the gradient-
based optimization method [18,21].

A modified gradient-based optimization algorithm has been
proposed for nonlinear response structural optimization. This
algorithm is called nonlinear response optimization using equivalent
loads (NROEL) [22–24]. A nonlinear response optimization
problem is converted to linear response optimization with equivalent
loads. The original loads are changed to a set of equivalent loads
based on the responses. The set of loads are used as multiple loading
conditions of linear response optimization. The design is changed in
linear response optimization. A new set of equivalent loads is made
again by using nonlinear analysis and the process proceeds in a cyclic
fashion until the convergence criteria are satisfied. Only basic
theories have been defined in the previous research. In this research,
the theory is applied to a large-scale optimization problem of a joined
wing. Also, the treatment of stress constraints is improved.

A finite element model for a joined wing is established. Nonlinear
finite element analysis is performed by considering geometric
nonlinearity. As mentioned earlier, gust loads are critical for the
design of the joined wing; therefore, the followed forces of the gusts
are considered in the analysis. Structural optimization is performed
to incorporate the results of nonlinear analysis. The NROELmethod
is employed for nonlinear response structural optimization. Size
optimization for the thickness of each finite element is conducted to
reduce the structural mass while design conditions are satisfied.
ABAQUS is used for nonlinear analysis andGENESIS is used for the
linear response optimization process in NROEL [25,26]. Computer
programs have been developed to apply the NROEL method.

II. Nonlinear Structural Optimization
Using Equivalent Loads

There are several methods for nonlinear structural optimization.
The conventional gradient-basedmethod gives an excellent solution.
[18–20]. However, because the method is extremely expensive due
to sensitivity analysis, it is not applicable to large-scale problems.
The FSD method and the response surface method (RSM) are non-
gradient-based optimization algorithms [17,18]. The solution of
these methods is not as exact as that of the gradient-based optimiza-
tion method. Moreover, the RSM method cannot solve a large-scale
problem that has several hundreds of design variables. The NROEL
method is a gradient-based optimization algorithm and the joined-
wing structure is optimized by NROEL in this research. The method
is explained as follows:

A. Calculation of Equivalent Loads

The equivalent loads (ELs) are defined as the loads for linear
analysis, which generate the same response fields as those of non-
linear analysis. According to the finite element method [10,13,14],

the equilibrium equation of a structure with nonlinearity is

K N�b; zN�zN � f (1)

where K is the stiffness matrix that is the function of the design
variable vector b and the nodal displacement vector z, the subscript
N means that the displacement is obtained by nonlinear analysis, f is
the external load vector, and zN is obtained from Eq. (1). The
equivalent load for displacements is defined as

f z
eq �KL�b�zN (2)

where fzeq is the equivalent load vector for displacement, KL is the
linear stiffness matrix, zN is the nodal displacement vector from
Eq. (1); fzeq is used in Eq. (3), which is the equation of linear analysis
using the finite element method as follows:

K L�b�zL � fzeq (3)

where the nodal displacement vector zL has the same values as the
nonlinear nodal displacement vector zN in Eq. (1). Therefore, if the
equivalent load fzeq is used as an external load in linear response
optimization, the same displacements as the nonlinear response can
be considered throughout linear response optimization. Figure 2
shows this process.

Although the load fzeq can generate the same displacements as the
nonlinear displacements, it does not generate the same stress
responses because the relationships between the strain and
displacement, as well as the strain and stress, have nonlinearity.
Thus, the equivalent loads for the stresses should be separately
calculated. Mathematically, the equivalent loads are calculated by
multiplying the linear stiffness matrix and the displacement vector.
However, the stress response vector cannot be calculated directly
from the stiffness matrix. Therefore, we need an additional
procedure.

The stress response �N is obtained from Eq. (1) of nonlinear
analysis. The obtained stress is used as the initial stress. Therefore,
the equivalent load for stresses is calculated as follows:

K L�b�z�L ���fI��N� (4)

f �eq �KL�b�z�L (5)

where f�eq is the equivalent load vector for the stress response,KL is
the linear stiffness matrix, and �N from Eq. (1) is used as the initial

stress effect ��fI��N� in Eq. (4) of linear analysis. Equation (4) is
linear static initial stress analysis, where �N is used as input.
Equation (4) is used to calculate the displacement vector z�L. The
superscript � means the displacement for the calculation of the
equivalent loads concerning the stress response, and f�eq can be
calculated by multiplying KL and z

�
L as shown in Eq. (5).

The calculated force vector f�eq can be used as follows:

K L�b�zL � f�eq (6)

Fig. 1 Joined-wing configuration.

Fig. 2 Generation of equivalent loads for displacement constraints.
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where zL is an unknown vector. The stress response �L is obtained
fromEq. (6) of linear analysis. However, this stress responsemay not
be exactly the same as that from nonlinear analysis, because the
integral points for calculation of stresses are different in nonlinear
static analysis and initial stress analysis. The difference can be
adjusted to �̂L as follows:

�i �
�Ni
�Li

(7a)

�̂ jLi � �
j
Li � �i (7b)

where � is the stress correction factor, i is the element number, �Ni is
the nonlinear stress response from Eq. (1), and �Li is the linear stress
response from Eq. (6). The stress correction factor is calculated from
Eq. (7a).

In Eq. (7b), the superscript jmeans the iteration number in linear

response optimization. The corrected stress �̂jLi is calculated from
Eq. (7b). When j is equal to zero, the corrected stress is exactly
equivalent to the stress response �Ni in nonlinear static analysis with
the initial design. The stress response �jLi is changedwhile the design
is changed in linear response optimization. Because the correction
factor � and the equivalent loads f�eq are constant in linear response

optimization, the corrected stress �̂jLi is changed as the design
variables change. If the equivalent load f�eq is used as an external load
and the stress correction factor � is applied in linear static
optimization, the same stress as the nonlinear stress can be
considered in the linear static response optimization process.
Figure 3 presents this process.

If the problem has a displacement constraint as well as a stress
constraint, equivalent loads should be calculated with respect to each
response, and the sets of the equivalent loads are used in linear
response optimization as multiple loading conditions.

B. Steps for NROEL

The overall process of the NROEL algorithm is illustrated in
Fig. 4. The steps of the algorithm are as follows:

1) Set initial values and parameters (design variables are
b�k� � b�0�, cycle number k� 0, and the convergence parameter is a
small number ").

2) Perform nonlinear analysis with b�k�. Hence, the linear stiffness
matrix and nonlinear responses are obtained.

3) Calculate the equivalent load sets as follows:

f z;�k�eq �KL�b�zN and f�;�k�eq �KL�b�z�L (8)

4) When k� 0, go to step 5. When k > 0, if

kb�k� � b�k�1�k � " (9)

then terminate the process. Otherwise, go to step 5.
5) Solve the following linear static response optimization

problem:
Find b�k�1�.
To minimize f�b�k�1��.
Subject to

KL�b�k�1��z � fz;�k�eq � 0

KL�b�k�1��z � f�;�k�eq � 0

gj�b�k�1�; z; �̂� � 0 �j� 1; . . . ; m�

b�k�1�iL � b�k�1�i � b�k�1�iU �i� 1; . . . ; n�

The external load feq is the equivalent load vector. The two
equivalent load sets are used as multiple loading conditions during
the optimization process.

6) Update the design results, set k� k� 1, and go to step 2.

III. Analysis of the Joined Wing

A. Finite Element Modeling of the Joined Wing

The joined wing consists of five parts, which are the forewing, the
aft wing, the midwing, the tip wing, and the edge around the joined
wing. The parts are illustrated in Fig. 5. Each part is composed of the
top skin, the bottom skin, the spar, and the rib. The length from the
wing tip to the wing root is 38m, and the length of the chord is 2.5 m.
The model has 3027 elements with 2857 quadratic elements, 156
triangular elements, and 14 rigid elements. Rigid elements make
connections between the nodes of the aft-wing root and the center
node of the aft-wing root. The structure has two kinds of aluminum
materials. One hasYoung’s modulus of 72.4 GPa, the shear modulus
of 27.6 GPa, and the density 2770 kg=m3. The other has 36.2 GPa,
13.8 GPa, and 2770 kg=m3, respectively. The latter material is only
used for elements of the edge part. The formermaterial is used for the
entire elements except for the edge part [4].

B. Loading Conditions of the Joined Wing

Eleven loading conditions for structural optimization have been
defined by the AFRL [4]. These loading conditions are composed of

Fig. 3 Generation of equivalent loads for stress constraints.

Fig. 4 Optimization process using the equivalent static loads.

Fig. 5 Finite element modeling of the joined wing.
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seven maneuver loads, two gust loads, one takeoff load, and one
landing load, as shown in Table 1. Each loading condition has a
different loading direction and magnitude. The gust loading
conditions are especially important in these loading conditions. Gust
is the movement of the air in turbulence, and the gust load has a large
impact on the airplane. Static loads for the gust can be generated from
an aeroelastic model that uses the panel method [12]. The panel
method is used to calculate the velocity distribution along the surface
of the airfoil. Panel methods have been developed to analyze the
flowfield around arbitrary bodies in two and three dimensions. The
surface of the airfoil is divided into trapezoid panels. Mathemati-
cally, each panel induces a velocity on itself. This velocity can be
expressed by relatively simple equations that contain geometric
relations such as distances and angles between the panels only. The
panel method is referred to as a boundary-element method in some
publications [12]. When the deformation is large, the direction of an
external force is changed according to the deformation. The followed
force means the changed force for the deformation. As mentioned
earlier, the followed forces at the last state of the deformation are
used [4].

Linear and nonlinear response optimizations are performed in this
research. All loading conditions are used for linear response
optimization, whereas only two gust loading conditions are used for
nonlinear response optimization, because the geometric nonlinearity
effect of the joined wing largely occurs in the gust loading
conditions. A relatively small nonlinear effect occurs in other loading
conditions.

C. Boundary Conditions of the Joined Wing

The roots of the forewing and the aft wing are joined to the
fuselage. The entire part of the forewing root is attached to the
fuselage. Therefore, all the degrees of freedom in six directions are
fixed. On the other hand, the aft-wing root can be rotated with respect
to the y axis in Fig. 6. The boundary nodes of the aft-wing root are
rigidly connected to the center node. The center node has an enforced
rotation with respect to the y axis. The boundary nodes are set free in

the x and z translational directions. Other degrees of freedom are
fixed. The enforced rotation generates torsion on the aft wing and has
quite an important aerodynamic effect. The amounts of the enforced
rotation are from �0:0897 to 0 rad [4]. These rotational values are
different in eachmission leg. The boundary conditions are illustrated
in Fig. 6.

D. Geometric Nonlinearity of the Joined Wing

Linear and nonlinear analyses are performed under all loading
conditions. The design data are adopted from [4] and the data are
used for the initial design of the later optimization process. Table 2
shows the results of the analyses. As shown in Table 2, most of the
maximum displacements from nonlinear analysis are larger than
those of linear analysis. In particular, the difference of the maximum
stresses between linear and nonlinear analyses is quite large under the
gust loading conditions (loading conditions 8 and 9).

We can see large geometric nonlinearity of the joined wing.
Therefore, nonlinear analysis and nonlinear response optimization
are required for the joined-wing design. Figure 7 illustrates the
deformed shape of the joined wing under the gust loading condition
of the cruise speed (loading condition 9). The wing-tip displacement
of nonlinear analysis is about 5 times larger than that of linear
analysis. Figures 8 and 9 illustrate the stress contours of the joined
wing under the cruise-speed gust loading condition. Large stresses
occur at the middle spars of the aft wing. The stresses from nonlinear
analysis are quite large compared with those from linear analysis.
The maximum stress is about 3.21 GPa in nonlinear analysis under
the gust loading condition of the cruise speed. This value is very large
because themaximum stress of linear analysis under the gust loading
condition of the cruise speed is 296.51 MPa. Moreover, it is larger
than the allowable stress 179 MPa.

Buckling analysis is performed under all loading conditions. The
critical buckling rates for the maneuver gust and cruise-speed gust
conditions are 74 and 67% of the gust load, respectively. The
buckling primarily occurs at the aftwing. The critical buckling rate of
the taxi crater impact load is 108%. The buckling rates of other
maneuver loads are 166%and higher.When the buckling rate ismore

Table 1 Load data of the joined wing

Number of loading
condition

Load type Mission leg

1 2.5 g pullup Ingress
2 2.5 g pullup Ingress
3 2.5 g pullup Loiter
4 2.5 g pullup Loiter
5 2.5 g pullup Egress
6 2.5 g pullup Egress
7 2.5 g pullup Egress
8 Gust (maneuver) Descent
9 Gust (cruise) Descent
10 Taxi (1.75 g impact) Takeoff
11 Impact (3.0 g landing) Landing

Fig. 6 Boundary conditions of the joined wing.

Table 2 Wing-tip displacements of the linear and nonlinear analyses

Linear analysis Geometric nonlinear analysis

Number of loading
condition

Max disp Max stress Max disp Max stress

1 1.52 m 152.03 MPa 1.78 m 135.57 MPa
2 1.45 m 145.10 MPa 1.77 m 143.56 MPa
3 0.79 m 181.03 MPa 1.13 m 171.64 MPa
4 0.67 m 182.85 MPa 1.24 m 204.63 MPa
5 1.84 m 129.41 MPa 2.38 m 195.15 MPa
6 1.09 m 130.72 MPa 1.97 m 249.66 MPa
7 1.06 m 132.47 MPa 2.03 m 275.75 MPa

8 (gust: maneuver) 3.70 m 228.96 MPa 20.56 m 3003.40 MPa
9 (gust: cruise) 4.63 m 296.51 MPa 21.99 m 3205.80 MPa

10 �3:32 m 241.94 MPa Did not converge
11 �0:54 m 158.76 MPa �0:56 m 160.00 MPa
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than 100%, the buckling safety is satisfied. Therefore, the buckling
safety is not satisfied by the initial design.

IV. Structural Optimization of the Joined Wing

A. Definition of Design Variables

As mentioned earlier, the finite element method model has 3027
elements. Each element thickness is a design variable. However, the
edge part and rigid beams of the aft-wing root are not used as design
variables. Therefore, the number of design variables is 2559. The
upper and lower bounds are defined for each part: 0.001016,
0.0001277, and 0.000254 m are used as the lower bounds of the skin
part, the tip-wing spar part and other wing spars, and the rib part,
respectively. The upper bound of the skin part is 0.05mand the upper
bound of the spar and rib parts is 0.08 m.

B. Formulation

The optimization problem is formulated as follows:
Find ti (i� 1; . . . ; 2559).
To minimize mass.

Subject to

j�jj � �allowable �j� 1; . . . ; 2559�
0:001016 m � tskin part � 0:05 m

0:000127 m � ttip wing part � 0:05 m

0:000254 m � twing spars and ribs � 0:08 m

The mass of the initial model is 3584 kg. First, linear response
optimization is carried out for the initial model. Second, the optimum
of the linear response optimization is the initial design of nonlinear
response optimization. The material of the joined wing is aluminum.
The allowable von Mises stress for aluminum is set by 269 MPa.
because the safety factor 1.5 is used, the allowable stress is reduced to
179 MPa [4]. Stresses of all the elements except for the edge part
should be less than the allowable stress 179 MPa. The buckling
constraint is not considered.

C. Programming for the Equivalent Loads Method

In this research, ABAQUS [25] is used for nonlinear response
analysis and GENESIS [26] is used for linear response optimization.

Fig. 7 Deformation of the joined wing under the gust loading condition.

Fig. 8 Stress contours from linear analysis of a joined wing.

Fig. 9 Stress contours from nonlinear analysis of a joined wing.
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The two systems should be interfaced for nonlinear response
optimization. The interface procedure is programmed by the C
language [27]. To evaluate the equivalent loads in Eqs. (2) and (5),
we need the linear stiffness matrix and the nonlinear response. They
are generated by ABAQUS and obtained by reading the output files
of ABAQUS. The calculated equivalent loads are used as input to
GENESIS; therefore, the loads are written on the input file for
GENESIS. The iterative process is controlled based on the
convergence criteria. These capabilities are coded and the entire
process automatically proceeds.

V. Discussion

A. Linear Response Optimization

Linear response optimization is performed under all loading
conditions. The results of linear response optimization are used as the
initial design of nonlinear response optimization. The results from
linear response optimization are shown in Table 3 and Fig. 10. As
expected, the maximum stress and displacement occurs by the gust
loading condition. After the linear optimization, all the stress
constraints are satisfied. Mass is increased by 37.1%. The total
number of iterations is five. GENESIS 7.0 is used for linear response
structural optimization of the joinedwing [26]. Asmentioned earlier,
the total number of design variables is 2559 and the stresses of all
elements except for the edge part are used as constraints. The total
CPU time for the linear response structural optimization is 36 h using
the HP-UX Itanium II [28].

B. Nonlinear Response Optimization Using the Equivalent Loads

Method

Nonlinear response optimization is performed using equivalent
loads for the gust loading conditions. In the previous linear response

optimization, the 11 loading conditions are used. Only two loading
conditions (load cases 8 and 9 in Table 2) are used for the nonlinear
response optimization of a joined wing because the gust loading
conditions are the most critical. As mentioned in Table 2, the nine
loading conditions except for the two gust loading conditions
generate relatively small stress responses. Moreover, nonlinear
analysis is much more difficult and expensive than linear analysis.
Therefore, only two loading conditions are used in nonlinear
response optimization and equivalent loads for those two loading
conditions are used. As mentioned earlier, the optimum design of
linear response optimization is used as the initial design of nonlinear
response optimization. Actually, we do not know which initial
design is appropriate for nonlinear response optimization. The initial
design is not very important if the process converges. Therefore, the
initial design is determined to see how the design process of
nonlinear response optimization proceeds from the optimum design
of linear response optimization.

The results from nonlinear response optimization are shown in
Table 4 and Fig. 11. The percent violation of the constraints is
illustrated by a log scale. The objective function value is slightly
changed after the fourth cycle. The convergence criterion is that the
rate of design variable change is less than 1%. The convergence
condition is satisfied at the 44th cycle.

When nonlinear analysis considering geometric nonlinearity is
performed by the optimum of linear response optimization, the stress
constraints are violated up to 1369.3%. This shows that linear opti-
mization is not sufficient for the design of the joinedwingwith highly
geometric nonlinearity. After nonlinear response optimization, all
the stress constraints are satisfied. The maximum stress of the opti-
mum design is 179.01 MPa and the wing-tip displacement is
4.468 m.Mass is increased by 60.93%. The total number of cycles is
44. This means that only 44 nonlinear analyses are performed for
nonlinear response optimization with several thousand design vari-
ables. ABAQUS 6.5 and GENESIS 7.0 are used for nonlinear analy-
sis and linear response structural optimization of the joined wing,
respectively [25,26]. The total CPU time for nonlinear response
structural optimization is 358 h using the HP-UX Itanium II [28].

C. Nonlinear Response Optimization Using the Fully Stressed Design
Method

Nonlinear response optimization is performed using the fully
stressed design method for the gust loading conditions. As
mentioned earlier, FSD is a non-gradient-based algorithm that is used

Table 3 Results of linear response optimization

Iteration no. Optimum value, kg Constraint violation, %

0 3583.5 211.5
1 4267.8 94.3
2 4883.9 28.4
3 4892.3 4.4
4 4920.9 0.0
5 4913.9 0.0

0.00E+00

1.00E+03

2.00E+03

3.00E+03

4.00E+03

5.00E+03

6.00E+03

1 2 3 4 5 6

Iteration

M
as

s
[k

g]

0

50

100

150

200

250

V
io

la
ti

on
[%

]

Objective function Constraint violation

Fig. 10 History of linear response optimization.
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for resizing element thicknesses or areas so as to produce a design
that satisfies the allowable stress. FSD provides a rapid means of
performing initial sizing of aerospace vehicles and allows for the
design of a virtually unlimited number of element sizes. Thickness or
area can be used as design variables. The FSDmethod is efficient for
designing structures subject only to stress constraints. It is noted that
the solution of FSD is not as relatively exact as that of the gradient-
based optimization method [18,21].

The concept of FSD is very simple. The design is updated as
follows:

tinew �
�

�i

�allowable

�
�

tiold �i� 1; . . . ; m� (10)

where tinew and tiold are the new design value and the old design value
of the ith element, respectively; m is the number of the design
variables; �i is von Mises stress of the ith element; �allowable is the
allowable stress value; and � is the relaxation parameter, which can
be selected within the range from 0.0 to 1.0.

The optimum design of linear response optimization is used as the
initial design. The results from nonlinear response optimization are
shown in Table 5 and Fig. 12. The percent violation of the constraint
is illustrated by the log scale. The design values are slightly changed
after iteration 15. The convergence criterion is that the rate of the
design variable is smaller than 1%. The convergence condition is
satisfied at the 28th iteration.

When nonlinear analysis considering geometric nonlinearity is
performed by the optimum of FSD, the stress constraints are violated
up to 2.64%. The maximum stress is 183 MPa on element 1263,

which is located at the root of the forewing bottom skin. The final
thickness of the element 1263 is 5 cm, which is the upper bound.
Therefore, it is difficult to reduce the maximum stress because the
thickness of that element cannot be increased further. Other elements
satisfy the stress constraints. Mass is increased by 69.78%.

ABAQUS6.5 [25] is used for nonlinear analysis. All processes for
the FSD are coded by the C�� program. The total CPU time for
nonlinear response structural optimization is 5 h using the HP-UX
Itanium II [28].

D. Discussion

When nonlinear analysis is performed, the optimum design from
linear response optimization violates the stress constraints. It has
been shown through linear and nonlinear analyses that highly
geometric nonlinearity is involved in the joined wing. As illustrated
in Figs. 7–9, the difference of thewing-tip displacement is quite large
between linear analysis and nonlinear analysis. The difference of the
maximum value and distribution of stress is also fairly large.

After linear response optimization, the contour of optimum
thickness is illustrated in Fig. 13. The thickness of the aft wing is
large in the leading-edge part of the top skin and the trailing-edge part
of the bottom skin. The stress contour of the optimum design is
illustrated in Fig. 14. The critical stress occurs at the aft-wing part as
well as the forewing part.

The contour of the optimum thickness of nonlinear response
optimization is illustrated in Fig. 15. The thickness of the aft wing is
quite large in the leading-edge part of the top skin and the trailing-
edge part of the bottom skin. This result is similar to that of linear
response optimization. However, the region of large thickness is
larger than that of linear response optimization.

The contour of the optimum thickness of nonlinear response
optimization using FSD is illustrated in Fig. 16. The thickness of the
aft wing is quite large in the leading-edge part of the top skin and the
trailing-edge part of the bottom skin. The thickness of the middle
position in the top skin of the aft wing is large. On the other hand, the
thickness of the root position in the top skin of the aft wing is large in
the result of ELs. In addition, the thickness of the leading-edge spar in
the aft-wing root is 2.19 cm in the FSD result. However, that of the
ELs result is large, up to 2 times as 5.63 cm.

On the whole, the thickness of nonlinear response optimization is
larger than that of linear response optimization. In the two optimiza-
tions, the maximum stress occurs at the aft wing. Tip-wing elements

Table 4 Results of nonlinear response optimization

Iteration no. Optimum value, kg Constraint violation, %

0 4913.9 1369.3
1 13,385.0 35.5
2 6303.9 60.0
3 5853.9 47.4
4 5841.7 41.0
... ... ...
41 5769.0 0.5
42 5768.9 0.5
43 5768.6 0.0
44 5768.5 0.0
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Fig. 11 History of nonlinear response optimization.
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are thin, and the aft-wing elements have the maximum thickness. In
linear response optimization, the trailing-edge spar at the middle
position of the aft wing has the maximum thickness. On the other
hand, the leading- and trailing-edge spars at the middle position of
the aft wing have the large thickness in nonlinear response optimi-
zation. The results of linear and nonlinear analyses are fairly different
because the direction and the magnitude of the loads are changed
according to the deformation of the structure in geometric nonlinear
analysis. The optimization results are different accordingly.
Therefore, nonlinear response structural optimization is needed
when a structure has high nonlinearity. Figures 17 and 18 illustrate
the deformation and stress contour of the optimum design of non-
linear response optimization, respectively. As illustrated in Fig. 18,
the maximum stress is reduced to the allowable stress 179 MPa. On
the other hand, the region of high stress is expanded.

The distribution of optimum thickness from FSD is similar to that
of ELs. However, when the nonlinear analysis is performed by the
optimum designs of those methods, the stress contour is different,
especially in the rib and the bottom skin of the forewing, as shown in
Fig. 19. It is noted that the CPU time for nonlinear response
optimization is very different between FSD and ELs. The number of
nonlinear analyses in FSD is 28 and that of ELs is 44. Although the
difference of the number of nonlinear analyses is only 16, the CPU
time for ELs is 358 h and that of FSD is 5 h. The reason is that the
linear response optimization is needed for the equivalent loads
method. The CPU time for linear response optimization is large
because this problem has several thousand design variables.

A fully stressed design does not need calculation of sensitivity
information. Therefore, the fully stressed design method is efficient
for the rapid resizing of a structure. However, this method may not
provide an exact solution. On the other hand, the equivalent loads
method provides an exact solution. In this research, the optimum
mass from FSD is larger by 5.4% than that of ELs. Actually, the
equivalent loads method is most efficient for extraction of the exact
optimum point. If the problem has high nonlinearity, we can use both
methods for the nonlinear response optimization. First, the FSD
method is used for nonlinear response optimization. Second, the ELs
method is used with the optimum design of the FSD method as an
initial design. This process may bemore efficient from the viewpoint
of saving time and an accurate solution. It should be remembered that
we cannot use the FSD method when there are constraints that
include global properties of the structure.

Buckling analysis is performed for the optimized design of
nonlinear response optimization using ELs. The negative buckling
mode occurs in several loading conditions. This means that buckling

Table 5 Results of nonlinear response optimization

Iteration no. Optimum value, kg Constraint violation, %

0 4913.9 1369.3
1 6063.5 35.5
2 6068.9 60.0
3 6072.8 47.4
4 6075.6 41.0
... ... ...
25 6084.2 2.6
26 6084.2 2.6
27 6084.3 2.6
28 6084.3 2.6
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Fig. 12 History of nonlinear response optimization.

Fig. 13 Thickness contour of the linear response optimization result.
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occurs when the load is reversed. The negative buckling mode is
neglected in this discussion. The most critical buckling rate for the
taxi crater impact loading condition is 151%. The critical buckling
rates for the maneuver and cruise-speed gust loading conditions are
210 and 187%, respectively. The buckling rate of other loading
conditions is 416% or higher. The critical buckling mode for the
cruise-speed gust loading condition is illustrated in Fig. 20. It is noted
that the optimization process does not consider the buckling
constraint. However, the buckling constraint is satisfied by the

optimized design. In the future, we need to include the buckling
constraint.

VI. Conclusions

The joined wing that has a longer range and loiter than a
conventional wing is investigated from the viewpoint of weight
reduction. The joined-wing configuration exhibits large geometric
nonlinearity under critical gust load conditions. Moreover, the gust
load is the most important in design. Thus, nonlinear analysis under
the gust loading condition is required for the design of the joined
wing.

The joined-wing structure is optimized. The structure has many
design variables.When a design problem is large, nonlinear response
structural optimization is very difficult because a large amount of
effort is required to calculate the sensitivity information. The
equivalent loads method is used as a gradient-based optimization
method. The equivalent loads method can be applied to large-scale
problems such as a problem with several thousand design variables
and constraints, because thismethod is a very efficient method in that
the nonlinear response sensitivity is not required. Equivalent loads
are defined as the loads for linear analysis, which generate the same
response field as that of nonlinear analysis. A gradient-based
optimization method for linear response optimization is used in an
iterative manner.

The optimum design considering geometric nonlinearity of the
joined wing satisfies all the stress constraints. Although the
optimization process does not consider the buckling constraint, the
buckling property is improved. The results from nonlinear response
optimization and linear response optimization are compared. It is
presented that the optimum design from linear response optimization
may not be safe for a highly nonlinear problem. The fully stressed
design method is used for nonlinear response optimization of the
same problem. The results of a fully stressed design and the
equivalent loads method are compared. The solution of the
equivalent loads method is better than that of a fully stressed design,
though FSD provide a rapid means of performing initial sizing of the
joined wing.

In the future, nonlinear transient response optimization of the
joined wing will be performed using equivalent static loads. The

Fig. 14 Stress contours from nonlinear analysis of the linear optimization design.

Fig. 15 Thickness contour of nonlinear response optimization result

using ELs.

Fig. 16 Thickness contour of nonlinear response optimization result

using FSD.

Fig. 17 Deformation from nonlinear analysis of the optimum design

using ELs.
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nonlinear effect as well as the dynamic effect will be considered.
Also, the buckling constraints will be considered.
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