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Abstract
In this study, the integral micro-sized composite wings are designed and manufactured by using carbon fiber reinforced 
plastics and low-density foam. The analytical expressions of bending stiffness of a multilayer sandwich structures for vari-
able cross-section panel are determined. The obtained analytical bending stiffness is numerically verified using results of 
compressive buckling modes on wing panels from a numerical FE program and experimental tests by a series of stiffened 
structures which are empirically designed. Contrastive results demonstrate that the stiffener configuration tremendously 
affects the global buckling of the wing panels and the shapes, locations and intervals of the stiffeners which should be 
adjusted to construct a structure with maximum bending stiffness. Finally, with the use of the bi-directional evolutionary 
structural optimization method, the optimum design of the wing cross-section was determined by topology optimiza-
tion method to pursue the best weight/stiffness. Compared with the initial structure, the optimum material layout of the 
topology structure performs better at reducing stress concentration and improving load carrying capacity of wing panels.

Keywords Composite material · Sandwich structure · Stiffener · Finite element model · Topology optimization

1 Introduction

Sandwich structures have got broad applications in many 
engineering sectors such as transportation vehicles and 
aircraft industry attribute to their high ratio of stiffness/
strength-to-weight [1]. They usually consist of two stiff 
exterior face-sheets and a low to moderate stiffness core 
as well as various supporting stiffeners. The composite 
structure has a considerably higher ratio of shear stiff-
ness to weight than either of the equivalent beam made 
of only one material. However, the complex components 
bring more demands on manufacturing process. A lot 
of machined parts must be joined by adhesive bonding, 
co-curing or mechanical fastening [2]. This is particularly 
important in the aircraft industry. A large number of 
smaller parts such as skin panels, cores, ribs and stringers 
need to be joined together to fabricate as a single integral 

structure [3]. Fortunately, the increasing application of 
advanced composites gives the possibility and conveni-
ence to realize the weight saving potential and reduce 
the manufacturing costs and subsequent product main-
tenance costs in aircraft structures such as wing panels [4].

Structural design of an integral structure aircraft wing 
requires a layout of spars, ribs, and stringers based on the 
reference plane of the wing. Since the compressive bend-
ing performance of the wing panels is usually of great con-
cern in this type of structure. Layout parameters such as 
shapes, intervals and location of stiffeners become very 
important on global buckling of the wing panel [5]. The 
spars, ribs and stringers could largely improve the bending 
stiffness of the panel. However, local buckling on the wing 
skin might occur before the wing panel reaches its own 
critical load if they are not appropriately arranged. There-
fore, the stiffener shapes, shapes, intervals and location of 
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stiffeners should be adjusted to construct a structure with 
optimized arrangement. So far, optimization design of the 
stiffened wing panels with different type of stiffeners has 
made significant progress. Composite wing panels with 
T-shaped [6] stiffeners had been optimized by using a two-
step method to get an optimum super-stiffener design for 
the cross-sectional dimensions of the panel. HAT-stiffened 
[7] composite panels were also examined by a response 
surface methodology by Todoroki et al. They achieved a 
feasible optimal structure with low computational cost by 
optimizing the HAT-stiffener dimensions and the stacking 
sequences under buckling constraints. The other types of 
stiffeners such as L, C, J and Z-stiffeners [8–11] has also 
been examined and optimized to obtain the minimal 
weight and maximum buckling loads for wing panels.

Additionally, the authors such as Guo et al. [12] inves-
tigated an aerobatic aircraft wing box and obtained a 
minimum weight optimal structure by optimizing the 
parameters of the wing skin and spar web. Monroy Ace-
ves et al. [13] developed a material and design selection 
methodology using a small low air-speed wind turbine 
blade case which comprised uniform thickness shin and 
a unidirectional reinforcement. In terms of shin thickness 
and reinforcement area, a wide design space was made to 
select an optimum design. Kim et al. [14] applied a multi-
level optimization approach to determine a structural 
optimization framework and the detailed cross-sectional 
parameters were presented. In the recent years, with the 
development of topology optimization technology and 
finite element method, the distributed structures have 
obtained more and more applications to the aeronautical 
industry [15–18]. Topology optimization technology has 
been proven to be of great useful for saving important 
weight amounts and improving buckling loads in recent 
aircraft designs. However, it is necessary to note that these 
optimal solutions were obtained in different cases with 
various constraints and engineering requirements and 
most investigations focused on the optimal design of 
wing panels with one type of stiffeners. When compared 
with the wing panels with different type of stiffeners, 
there is no properly standard to measure the comparison 

study by using different optimization methodologies and 
techniques.

This has motivated research into a micro-sized 
unmanned aircraft wing. The present investigations focus 
on the methodology development of the optimal design 
for stiffened composite wing panels based on the planning 
of experiments and emphasize on the close conformity of 
the developed finite element analysis for an unmanned 
flat wing micro-aircraft. In this study, integral composite 
wings are designed and manufactured by using ply conti-
nuity of composite laminates as the skin over the carbon 
fiber reinforced plastics (CFRP) stiffened construction and 
low density foam core. The low density foam is segmented 
and then coated with unidirectional carbon pre-preg in 
combination as various stiffeners such as C-stiffener and 
I-stiffener. Thus, the supporting stiffeners are assembled 
and inserted inside the skin framework. Based on the 
empirical design, the material distribution of the wing 
cross-section is determined by topology optimization 
method aiming at obtaining the optimal distributed struc-
ture of the stiffeners. The analytical expressions of bend-
ing stiffness of a variable cross-section sandwich structure 
give the properly standard to measure the optimal solu-
tions obtained for the integral structure wings with differ-
ent type of stiffeners.

2  Theoretical and numerical methods

It is well known that accurately predicting the bending 
behavior of a sandwich structure with embedded stiff-
eners [19] is a challenging problem. As shown in Fig. 1, a 
coupling action of vertical bending and shear would be 
induced for sandwich structures under three-point bend-
ing condition. Allen [20] gave the total deflection at the 
mid-point of a sandwich beam under a transverse load P 
as following:

where (EI)eq is the equivalent flexural rigidity:

(1)� =
PL3

48(EI)eq
+

PL

4(GA)eq

Fig. 1  Sketch of sandwich 
beam under three-point bend-
ing condition
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(GA)eq is the equivalent shear rigidity dictated by the shear 
stiffness of the core:

where b and L are the width and length of the sandwich 
beam; tf and Hc are thickness of face-sheets and support-
ing core; Ef, Gf and Ec, Gc are the elastic modulus and shear 
modulus of the face-sheets and the core respectively; 
(EfIf)eq and (EcIc)eq are the equivalent flexural rigidity of the 
face-sheets and core on themselves’ centroids; (EfI)eq is the 
flexural rigidity of the face-sheets on the whole sandwich 
beam’s centroid. In terms of elastic modulus E1

f of the face-
sheets in the 1-direction is defined as in Fig. 1.

In this work, we discuss the multilayer sandwich struc-
tures in variable cross-section wing panel applied to an 
integral structure flat wing micro-aircraft as shown in 
Fig. 2.

As the profile area of the sandwich beam changes in lin-
ear fashion, the width b of the sandwich beam and thick-
ness Hc of the core may be equivalent to b* and Hc*. b* and 
Hc* are width and thickness on centroid of the sandwich 
beam. Perfect bonding is also assumed to address this 
issue [21].

The equivalent flexural rigidity (EI)eq and shear rigidity 
(GA)eq of the variable cross-section sandwich beam may 
be defined as:

where Is* is the moment of inertia of stiffener on the cen-
troids; As* is the profile area of stiffener on their centroids; 
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f is the of the shear modulus of the stiffener in the 

1,3-direction; α is the variable angle as illustrated in Fig. 2. 
The flexibility λ of variable cross-section sandwich beam 
reinforced by CFRP stiffeners can be constructed from Eqs. 
(1), (4) and (5).

The elastic bending stiffness Κ of the variable cross-
section sandwich beam is governed by:

Here, the influence of stiffener’s structure and dimen-
sion in the stiffness of the sandwich beam is integrated 
in terms of the moment of inertia Is* and profile area As*. 
This gives the possibility to compare the compressive 
buckling modes of the composite wing panels with dif-
ferent type of stiffeners.

For numerical simulation, ABAQUS is a well developed 
commercial Finite Element Modeling (FEM) tool that has 
been employed in such an investigation for its applica-
bility to this problem. A virtual test was modeled by 
ABAQUS as shown in Fig. 3. The laminates were modeled 
using the Composite Layup Function available within 
ABAQUS and 8-node doubly curved thick shell elements 
SC8R were used. Low density foam was defined as iso-
tropic elastic solid and 20-node quadratic brick solid 
elements C3D20R were used. The composite wing was 
subjected to the compressive loading by a rigid indenter 
with displacement-controlled [22]. The compressive 
loading was applied to a reference point appointed on 
the indenter and interaction between the lower surface 
of the indenter and the upper center of the wing sur-
face are correspondingly constrained. Corresponding 
displacement and reaction force on the rigid indenter 
could be conveniently output to this reference point 
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Fig. 2  Sketch of a variable 
cross-section sandwich beam 
under three-point bending 
condition
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when the compressive loading applied. The boundary 
conditions were also shown in Fig. 3.

3  Experimental design and wing panel 
examples

3.1  Wing description

The outer geometry of the flat wing is illustrated in Fig. 4. 
Figure 4a shows the dimension of the whole wing and 
Fig. 4b, c show the dimensions of A–A section and B–B 
section. The physical model of the wing sample is given 
in Fig. 4d. The stacking sequences of the unidirectional 
laminates are quasi-isotropic (0/± 45/90) as shown in 
Table 1. And the properties of the unidirectional carbon 
pre-preg and foam used in our experiments are provided 

in Table 2. Figure 5 gives the uniaxial tension and compres-
sion stress–strain curves for the foam and it will be utilized 
as an input for the foam in finite element analysis software 
ABAQUS.

There are four different cross sections of composite 
wing in the experiment, including skin-foam, skin-stringer, 
C-beam and I-beam structure. The schematics of the wing 
and stiffener profiles are shown in (a), (b), (c) and (d) of 
Fig. 6. The three point bending test was performed to 
verify the load carrying capacity of the wings as shown 
in Fig. 7.

3.2  Results of the structural analysis

Load carrying capacity is closely related to the elastic 
bending stiffness of the sandwich beams, and shows a 
significantly positive correlation. Here, Κthe is the theo-
retical elastic bending stiffness of the sandwich beams as 
formulated in Eqs. (6)–(7). Generally, the elastic modulus, 
shear modulus and Poisson ratio are known just for the 
unidirectional lamina. However, multilayer composites are 
mainly used in the engineering. So the elasticity constants 
of the multilayer laminate could be obtained on the basis 
of classical lamination theory [23] as following. Quasi iso-
tropic laminated structure is used in this study.

Fig. 3  Schematic diagram of 
the FE modeling
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Fig. 4  Configuration and 
dimension of wing model 
(length units: mm)
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Table 1  Stacking sequence of the wing

Location of the wing Stacking sequences

Skin (0/45/− 45/45/− 45/90)
Stiffener (45/− 45/45/− 45/45/− 45)
Winglet (0/45/− 45/0)
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For symmetrical multidirectional laminate, the force is 
only applied in the plane. So the stress–strain relationship 
of the K-layer unidirectional lamina in the x, y coordinate 
systems is written as:

where [Q]K  and [�x]K  are the off-axis stiffness matrix and 
stress of the K-layer unidirectional lamina in x, y coordinate 
systems.

While a parallelepiped with an in-plane size of unit 
width 1 × 1 and a height of laminate thickness t is taken 
out from the N-layer laminate. The stress–strain relation-
ship can be obtained by using the following equation:

(8)[�x]
K = [Q]K [�x]

(9)

[N] =

N∑
K=1

∫
zK

zK−1

[Q]k[�] dz =

N∑
K=1

[Q]k(zK − zK−1)[�]dz = [A][�]

Table 2  Properties of 
unidirectional prepreg and 
foam

Unidirectional prepreg Foam

Properties Value Properties Value

0° Tensile modulus (GPa) 140 Elastic modulus (MPa) 70
90° Tensile modulus (GPa) 7.1 Shear modulus (MPa) 19
Poisson’s ratio 0.28 Tensile strength (MPa) 1.9
In-plane shear modulus (GPa) 4.5 Compression strength (MPa) 0.9
Interlayer shear modulus (GPa) 3.6 Poisson’s ratio 0.37
0° Tensile strength (MPa) 1385 Volume density (kg/m3) 52
0°Compression strength (MPa) 950
Interlayer shear strength (MPa) 62.5
Ply thickness (mm) 0.122
Resin volume content (%) 52
Area density (g/m2) 187

Fig. 5  Uniaxial tension and compression stress–strain curves for 
the foam

Fig. 6  Cross section schematic 
of four stiffened structures 
(length units: mm)
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where zK − zK−1 is the thickness of the K-layer unidirec-
tional lamina; [A] is the matrix of elastic stiffness coeffi-
cient. And

When taking the inverse of the matrix [A], the third 
order compliance matrix [a] = [A]−1 can be obtained. 
Where aij (i, j = 1, 2, 3) is the compliance constant. So the 
strain is obtained as:

The section area of the laminate is 1 × t = t, thus, the 
elasticity constants of the laminate could be obtained as:

where E1 and E2 are the elastic modulus in x and y direc-
tions; G12 and G13 are the shear modulus in xy and xz direc-
tions; �12 is the Poisson ratio of unidirectional lamina in xy 
directions.

Then combined with the geometry and dimension of 
the flat wing in Fig. 4 and properties of unidirectional 
prepreg and foam in Table 2, the theoretical elastic bend-
ing stiffness can be written as:

(10)Aij =

N∑
K=1

[Q]K
ij
(zK − zK−1)

(11)[�] = [a] [N]

(12)

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
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a22t
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1

a33t

�12 = −
a12

a11

It was depicted in Fig. 8, the plot showed some extent 
of nonlinearity. It followed from Fig. 8 that Κthe increased 
sharply as As* increased in a certain range and then had 
a slowly increase. However, Is* had a linear influence on 
Κthe all the way. Based on Eq. (13), the bending stiffness 
of sandwich beams can be directionally predicted with 
different stiffeners.

From the experiments, the elastic bending stiffness 
Κexp can be estimated by:

where ΔP and Δδ are the increments of the load and the 
displacement of the indenter, respectively. It was illus-
trated as shown in Fig. 9.

The finite element modeling (FEM) of the wing struc-
tures with four kinds of cross sections in Fig.  6 were 
implemented, respectively. The comparisons of load ver-
sus deflection curves were obtained from simulations in 
the FEM and theoretical prediction from Eq. (9) as shown 
in Fig. 9. When compared with the experimental results, 
the results predicted by the FEM prove a good accord-
ance to the experimental data. However, the theoretical 
predictions of the elastic bending stiffness were gener-
ally a little lower than the corresponding experimental 
results except skin-foam structure. One possible rea-
son is that the theoretical expressions did not take into 
account the interaction between the stiffeners and the 
foam core. Moreover, the adhesive which partially filled 
the foam core could also lead to a stiffening effect [21].

(13)�the = 1

/(
29.76

I∗
s
+ 7415.6

+
0.04

A∗
s
+ 6.8

)

(14)�exp=
ΔP

Δ�

Fig. 7  The three-point bending test setup

Fig. 8  The theoretical prediction model of the bending stiffness
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4  Analysis of wing panel 
with a combinatorial stiffener

In this section, a combinatorial stiffener for the wing 
panel is proposed in order to enhance the load carry-
ing capacity of the composite wing. First, the properties 
of the stiffener as well as its design and manufacturing 
were introduced. Then, the numerical and theoretical 
methods were used to verify the improvements of the 

combinatorial structure in contrast to the conventional 
structures in Sect. 3.

4.1  Structure description

Figure 10a shows the structure schematic of the compos-
ite wing. The low density foam is segmented as shown in 
Fig. 11 and then coated with carbon pre-preg. The out-
standing property of the proposed structure is originated 
from the stiffener inserted inside the composite wing 
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skin, including two C-beams back-to-back, and a box 
beam inserted between the two C-beams. This combina-
torial stiffener is made from carbon pre-preg as shown 
in Fig. 10b. Then, the stiffener and low density foam are 
assembled into an entire composite wing core with epoxy 
adhesive. The stacking sequence is the same as the con-
ventional structure wings as shown in Table 1.

4.2  Analysis results of the combinatorial stiffener

The load versus deflection curves predicted by FEM and 
theoretical model of the combinatorial stiffened structure 
wing are compared with the experimental test as shown 
in Fig. 12. A good agreement was obtained the numerical 
solution and the experimental data. However, the experi-
mental result was lower than numerical analysis. One 
possible reason is that the structure is broken into a finite 
number of elements in the finite element modeling, which 
reduces the number of degrees of freedom and stiffens. 
Therefore, it is expected to see a larger stiffness in FEM.

The elastic bending stiffness of the different structure 
wings are summarized in Table 3, in which Κexp, ΚFEM and 
Κthe were the experimental, FEM and theoretical elastic 
bending stiffness of the composite wings, respectively. 
It can be seen from Table 3 that the modular structure 
showed a reasonable improvement on load carrying 
capacity of the wing in contrast to the conventional 
structures.

In addition to the results mentioned above, the damage 
evolution characterized by the distribution of shear stress 
on the composite skin was displayed by the graphical 
illustration (see, Fig. 13). As can be observed from Fig. 13, 
the failure (over the ultimate shear strength according to 
the Maximum Stress Criterion) had initiated at the upper 
center span where shear stress concentration was the 
highest and propagated at the angle of 45°. The damaged 
areas were shown in the lighter colors by the finite ele-
ments analysis. At the exactly zone, damage was appeared 
in the experimental test as shown in Fig. 13. In particular, it 
was clear in Fig. 13 that the upper skin (loading area) of the 
wing had damaged by shear delamination and the crack 
was also propagated at the angle of 45°. The finite element 
analysis performed in this study matched well with the 
results obtained from the experiment.

5  Topology optimization of the wing

It should be indicated that the structures discussed above 
are samples through our empirical design. In order to fur-
ther improve the load carrying capacity of the integral 
composite wing with supporting stiffeners, the technology 
of topology optimization should be introduced to design 
the supporting structures of the wing cross-section.

Among current topology, the concept of gradually 
removing inefficient material from a structure plays a signifi-
cant role. Xie et al. [24] presented an evolutionary structural 
optimization (ESO) method based on the simple concept as 
early as 1993. Later, they proposed bi-directional evolution-
ary structural optimization (BESO) method as an improved 
algorithm. Based on the BESO method, materials could be 
removed and added simultaneously in accordance with the 
sensitivity numbers [25, 26]. However, the void elements, 
as the sensitivity numbers, are difficult to be estimated and 

Fig. 11  Segmentation image 
of the low density form core
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Fig. 12  Comparison of load versus deflection cures of the combina-
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Table 3  Summary of the results for different structural stiffeners

Stiffener structures κexp (N/mm) κthe (N/mm) κFEM (N/mm)

Skin-foam 99.5 102.2 106.1
Skin-stringer 283.9 277.8 249.4
C-beam 310.3 303 317.5
I-beam 347.1 331.1 354.5
Combinatorial stiffener 350.4 357.1 366.4
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they are not included in the finite element analysis due to 
the absence of information available for void elements. 
Fortunately, Huang and Xie [27] developed a soft-kill BESO 
method by using the material interpolation scheme with 
penalization to solve this problem. In this work, the soft-kill 
BESO method was used to determine the optimum structure 
of the wing cross-section.

5.1  Topology optimization method

The objective of topology optimization for a continuum 
structure is usually devoted to finding the stiffest structure 
and minimizing the weight compliance with a given vol-
ume of material. So the formulation of topology optimiza-
tion [28] can be generally written as:

(15a)Find bj ; j = 1,… ,N

(15b)Minimize C =
1

2
f T u

(15c)Subject to K (b)u = f

(15d)
N∑
j=1

Vj bj ≤ V∗

(15e)bj = bmin > 0 or 1

where b, f, u and C are the design variable vector, the 
applied load vectors, the applied displacement vectors 
and the mean compliance, respectively. N is the total num-
ber of elements in this system. Vj denotes the volume of 
the jth element and V* is the prescribed total structural 
volume. The design variables bj is used to declare the 
absence (0) and presence (1) of an element. bmin, namely 
the lower bound of the design variables, is endowed with 
the teeny value to avoid the singular matrix.

In the soft-kill BESO method, the discrete design vari-
ables with two bound materials are generally used. There-
fore, the sensitivity number can be calculated by relative 
ranking of the sensitivity of an individual element as:

where kj
0 is the stiffness matrix of the solid element. uj is 

the corresponding displacement vector and p is the pen-
alty exponent.

5.2  Optimization results of the wing cross‑section

In this case, we adopt the soft-kill BESO method to opti-
mize the wing cross-section. In Fig. 14, the design domain 
is discretized with 22,525 four node plane stress ele-
ments. Also, the boundary conditions of the wing cross 
section are illustrated in the figure, wherein, the leading 
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Fig. 13  Comparison of the results by FEA and experimental test
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and trailing edges are clamped. First, we suppose that the 
whole wing is made from carbon pre-preg and then the 
soft-kill BESO method is implemented to remove the ineffi-
cient materials from the structure. In terms of the material 
properties, Shear modulus of 4.5 GPa and Poisson’s ratio of 
0.28 are assumed (as shown in Table 2). Finally, only 40% of 
the material could be available in the final result, meaning 
that the weight of the optimized structure will be reduced 
by 60%.

Figure 15 gives the optimum results obtained from 
the soft-kill BESO method. From Fig.  15, the optimum 
stiffener presents a little tunnel distribution consisting 
of multiple rib positions and flexible spars. In Fig. 16, the 
stress distribution of the initial wing cross-section under 
imposing force of 200 N is illustrated. From Fig. 16, it is 
apparent that the stress concentration is occurred around 
the leading and trailing edges due to the inhomogeneous 
stress distribution, and the maximum von Mises stress is 
635.54 MPa. Then, for the optimization result whose stress 

distribution is shown in Fig. 17, the maximum von Mises 
stress is reduced to 167.45 MPa and there is no apparent 
stress concentration occurred in the optimized structure. 
On the basis of the comparison mentioned above, it can be 
revealed the technology of topology optimization effec-
tively improves the buckling stiffness of wing panels and 
reduce the stress concentration for the wing cross section.

Is* and As* of the optimal stiffened structure in Fig. 16 
were calculated in the CAD software, then were substi-
tuted into Eq. (13). By the theoretical equivalent model 
presented in Sect. 2, the theoretical buckling stiffness of 
the optimal stiffened structure can be obtained. Results 
show that the theoretical buckling stiffness of the wing 
would be up to 502.9 N/mm. Compared with the data in 
Table. 3, the load capacity of the wing panels is largely 
increased than those empirical designs. Finally, for the 
issues of fabricating process, the rapid development of 
the additive manufacturing (3D printing) makes it pos-
sible to fabricate the complicate structures yielded from 

Fig. 14  Boundary conditions of 
the wing cross-section edge

Loading

Leading edge

Trailing edge

Design domain

Fig. 15  The optimum layout of 
the stiffened structure

Fig. 16  Stress distribution of 
initial wing cross-section
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topology optimization. Therefore, we think that the inte-
gral composite wing with stiffeners could be easily realized 
and widely used.

6  Conclusions

The present investigations focus on the methodology 
development of the optimal design for stiffened compos-
ite wing panels based on the planning of experiments and 
emphasize on the close conformity of the developed finite 
element analysis for an unmanned flat wing micro-aircraft. 
The above FEA and experimental results have shown that 
the bending stiffness and bending behaviour are strongly 
influenced by the stiffener construction of sandwich struc-
ture wing panels. The combinatorial stiffener for the wing 
panel has a higher bending stiffness successively than 
I-beam, C-beam, skin-stringer and skin-foam structures. 
The analytical expression of bending stiffness of the sand-
wich structures for integral wing panel is determined and 
integrated in terms of the equivalent moment of inertia 
Is* and profile area As*. This gives the properly standard 
to measure the optimal solutions obtained for the inte-
gral structure wings with different type of stiffeners. It is 
also validated by combining experimental data with FEM 
results and a good consistent between them is presented.

The present study shows that an optimal layout of stiff-
eners can be determined for the integral structure wing 
to obtain the maximum bending stiffness without weight 
penalty. Based on the soft-kill BESO method, topology 
optimization of the wing cross-section is implemented to 
remove the inefficient materials from the structure. Com-
parison of the stress and bending stiffness before and after 
optimization shows that the maximum principle stress 
reduces from 635.54 to 167.45 MPa under imposing force 
of 200 N and the bending stiffness reaches up to 502.9 N/
mm. The colored stress patterns demonstrate that there 
is no apparent stress concentration occurred in the opti-
mal layout of the structure and the homogeneous stress 

distribution has revealed the effectiveness of topology 
optimization in reducing stress concentration and improv-
ing load carrying capacity of wing panels.
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