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Abstract: The minimization of weight and maximization
of payload is an ever challenging design procedure for air
vehicles. The present study has been carried out with an
objective to redesign control surface of an advanced allmetallic fighter aircraft. In this study, the structure made
up of high strength aluminum, titanium and ferrous alloys has been attempted to replace by carbon fiber composite (CFC) skin, ribs and stiffeners. This study presents
an approach towards development of a methodology for
optimization of first-ply failure index (FI) in unidirectional
fibrous laminates using Genetic-Algorithms (GA) under
quasi-static loading. The GAs, by the application of its
operators like reproduction, cross-over, mutation and elitist strategy, optimize the ply-orientations in laminates
so as to have minimum FI of Tsai-Wu first-ply failure criterion. The GA optimization procedure has been implemented in MATLAB and interfaced with commercial software ABAQUS using python scripting. FI calculations have
been carried out in ABAQUS with user material subroutine (UMAT). The GA’s application gave reasonably welloptimized ply-orientations combination at a faster convergence rate. However, the final optimized sequence of
ply-orientations is obtained by tweaking the sequences
given by GA’s based on industrial practices and experience, whenever needed. The present study of conversion
of an all metallic structure to partial CFC structure has led
to 12% of weight reduction. Therefore, the approach proposed here motivates designer to use CFC with a confidence.
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1 Introduction
Composite materials represent a new generation of materials, which have several advantages over the commercial metallic materials. These include high strength to
weight ratio, corrosion resistance, high fatigue strength
and faster assembly. A vast library of composite materials
is available. However, composite materials with unidirectional fiber reinforcements in epoxy matrix materials have
come up as a preferred choice for aerospace primary structures materials because of their unmatched performance
by the virtue of its strength. The deployment of composites for manufacture of airframe not only makes an aircraft
lighter and stronger, but it also improves the reliability at
many places as compared to an all metal design. In the
present work, an attempt has been made to redesign an
all-metallic advanced fighter aircraft control surface using
HexPLY® carbon fiber/epoxy composite IM7/8552.
HexPLY® IM7/8552 is a high performance epoxy based
unidirectional carbon fiber composite material. This material is mainly used in manufacturing of primary aerospace
structures. HexPLY® 8552 is an amine cured, epoxy matrix that has an excellent impact resistance and damage
tolerance in numerous structural applications. The material was developed as a controlled flow system with operating temperature ranging from 11°C to 120 °C. This material
has excellent mechanical properties even at elevated temperatures. IM7/8552 is 72% lighter than the high strength
aluminum alloys which are presently used for manufacturing of ribs and panels of control surface. The difference
between the weight densities of aluminum and IM7/8552
was the driving force for this work as it is estimated to get
a weight reduction of 10-15% in control surface structure
with the use of CFC laminates. This reduction in weight
may not be of significant importance since it is very less
in terms of percentage of total aircraft weight. However,
when the approach developed is also applied to the wings
and fuselage, a significant reduction in overall weight of
an aircraft structure can be achieved.
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The optimal deployment of CFC to complex structural
assemblies principally depends upon the ply-orientations
of laminae. However, when an assembly has many laminates with different ply orientations then it becomes
challenging to optimize these laminates concurrently. In
present structural case, the laminates with two different
types of ply orientations and thicknesses are involved.
Moreover, the thicknesses and orientations in these laminates are dependent on each other as reduction in stiffness
(in a particular direction) in one of the laminates may increase stresses in other laminate and vice-a-versa. In such
a complex scenario there is a need to optimize FI of the assembly for static loading case. To cater for this complexity
of the problem, non-traditional optimization method using GA has been attempted here. GAs belong to the class of
optimization algorithms which mimic the process of evolution or natural selection and are very popular in solving complex engineering problems. Similar to a biological system, one can see biological features like reproduction, cross-over and mutation for survival of the fittest in
a GA. For the present structural optimization problem, we
have created strings for GA optimization procedure such
that its bits contain information of ply-orientation for both
the laminates. These strings, while in its optimization procedure undergo the processes of reproduction, cross-over
and mutation. Further, the proposed GA also uses an elitist
strategy of selection of an offspring. The use of GA gave its
near optimal value as expected. In the present study, with
the application of GA to the complex structural problem of
aircraft control surface, we have detailed to concurrently
optimize Tsai-Wu failure index in both the laminates.

2 Literature review
GA’s were first developed by Holland [1], with an emphasis on computer application to develop such systems
which act as a simulator of physical processes through
the process of natural selection operations like reproduction, cross-over, mutation and elitist selection. The systems developed by Holland [1] do change and reorganize
themselves to adapt problems encountered from their surroundings. Balaji and Madadi [2] have explained the usage of GAs for design and optimization of energy systems by optimization of location of three distinct heat
sources in a flow problem using FLUENT. Callahan and
Weeks [3] demonstrated the viability of usage of genetic algorithm to composite laminate design in lieu of traditional
search procedures. Further, they also discussed formation
of strings for design of composite laminates. Ball et al. [4]

designed layups using GA and have done simple coding of
plies to genes. Further, they gave an idea that along with
a penalty function and permissible gene values, the optimization of plies can be achieved. Furthermore, they [4]
demonstrated the robustness and accuracy of the system
for design of small scale asymmetric laminates. Almeida
and Awruch [5] explained the technique for the design and
optimization of composite laminated structures using GA
which is associated with finite element method (FEM). In
this work a composite shell under pressure was considered
and its stiffness maximization was carried out. Soremekun
et al. [6] explored several generalized elitist selection procedures for the design of laminated structures and indicated that use of generalized elitist selection is superior
compared to elitist selection based on cloning a best single individual. Lopez et al. [7] considered total number of
plies as a variable and used GA for the optimization of laminated structure under Tsai-Wu and Puck failure criteria.
Lui and Haftka [8] gave an optimization procedure based
on flexural lamination parameters where ply orientations
are restricted to 0°, ±45° only. The optimization was done
for the minimization of wing weight along with the maximization of buckling load for a simple wing torsion-box.
Natarajan et al. [9] have studied static bending and free
vibration using sinusoidal deformation theory for crossply laminated composite plates. In this study they have
assumed all layers of the laminate with same thickness,
density and made up of the same linear elastic material to
study static bending and free vibration.
To improve structural performances of mini UAV,
Zhang et al. [10] have carried out numerical simulation
of the composite wing, where a global optimal solution is
obtained by combining GA and sequential quadratic programming. Zhang et al [10] have considered parametric
finite element model in which auto-meshing and analysis were possible for a given set of geometric dimensions.
Shabeer and Murtaza [11] developed an accurate model of
wing, which is a combination of composites with isotropic
materials. The structural model developed has been optimized by changing the orientation of composite plies in
the skin. Todoroki and Ishikawa [12] used a method of
experimental design to solve buckling problem in laminated composites. The use of experimental design avoided
high computational cost involved in FE analysis. Hadjiloizi
et al. [13] developed a mathematical model that is useful in the analysis and design to tailor the effective elastic, piezoelectric, magnetoelectric and other coefficients
of composite and reinforced plates to meet the criteria
in specific engineering applications. Hadjiloizi et al. [14]
brought out general expressions for effective elastic, piezoelectric, piezomagnetic, dielectric permittivity and other
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coefficients. Their work addresses the usefulness of the
effective properties of constant thickness laminates comprised of monoclinic materials or orthotropic materials.
From the literature review it is quite clear that there is
a possible scope to design and optimize the present complex control surface structural assembly using GA. In the
present study, an extension has been made to the idea of
GA optimization and attempted to redesign and optimize
a metallic control-surface structure partly using CFC laminates.

3 Structural details and operational
requirements of a canard
In modern fighter aircrafts control-surfaces are highly integrated and work in combination of thrust vectoring. Such
a high level of integrity results in an exceptional maneuverability and a unique takeoff-landing characteristics of
the fighter aircrafts. The digital fly-by-wire system, along
with highly integrated control surfaces, makes an aircraft
capable to perform very advanced maneuvers.
The main members of the control surface structural
assembly under consideration comprises of ribs, top and
bottom panels, leading edge, trailing edge, side ribs,
longeron, bell crank drive and main-beam (beam of suspension). In the present case, the top and bottom panels of
canard control surface are of 2 mm thick sheet metal, while
the ribs are formed members of 1.5 mm thick sheet metal of
high strength aluminum alloys. Fig. 1(a) shows an internal
top-view of the control surface. Fig. 1(b) shows an existing
all metallic structure with its material distribution.
The rotation of control surface is controlled by a
hydraulic actuator connected to a bell-crank, which is
mounted on the main-beam of the control surface. On
operation of hydraulic cylinder the control surface is deflected as per the requirements of control laws. The canard
control surfaces are typically used to intentionally destabilize the combat aircraft to make them more maneuverable. Moreover, the pitch control function of electronic flyby-wire uses the canard control surface deflection to create
artificial static and dynamic stability.

4 Design approach
The design approach used in the study is followed by an
aerospace industry for typical control-surface structural
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member redesign. The approach is briefly enumerated in
the following.
1. The aerodynamic loads are applied on the panels
of control surface. The load calculation is based on
shear force and bending moment load diagrams and
is applied at the axis of longeron.
2. The analysis has been carried out on the existing
metallic structure to estimate and develop a benchmark for the deflection and stress levels of the
present structure using ABAQUS 6.11 finite element
software.
3. The finite element model has been developed for the
control surface structure with initial 12 layers in ribs
and 16 layers in panels.
4. The ribs and panels with isotropic material are replaced with 3D-orthotropic HexPLY® IM7/8552 laminates. As an initial design of the problem, 16 layers
and 12 layers are considered in the analysis for the
panels and ribs, respectively.
5. The orientations of layers in the laminates are varied in various combinations and FI based on TsaiWu failure criterion is monitored to get a minimum
value. A UMAT subroutine is employed in ABAQUS
to calculate and plot FI as a state dependent variable
(SDV).
6. GA, guided by Finite Element Analysis (FEA) results,
has been used to optimize layer orientations of the
laminates. The interface between the finite element
based failure index calculation and GA optimization
has been achieved through python scripting and an
in-house code in MATLAB software.
7. The results of the optimized composite canard control surface structure have been compared with the
existing metallic structure results for the weight reduction achieved.

5 Material for canard
For the existing structure, the leading edge, trailing edge,
panels and ribs are of high strength aluminum alloy,
while the main-beam, longeron and fasteners are of high
strength steel material. The Fig. 1(b) illustrates the type of
materials in existing metallic structure.
Now, the members of this metallic structure shown in
Fig. 1(a) are partly replaced by unidirectional fibre composite laminates. Here, the thickness of each single cured
layer is ranging from 0.1 to 0.13 mm. The data available for
mechanical properties of HexPLY® IM7/8552 is given in Table 1. This data is for the planar state of stress, therefore,
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Figure 1: (a) Structural Members of the control surface and (b) Material Based Model Coloring

the value G23 is not known. To obtain the G23 value, Concentric Cylinder Assemblage Model (CCA model) proposed
by Hashin and Rosen [15], has been used to determine effective properties of a lamina. This model has been presented briefly in the following.

and matrix is maintained. The material, thus formed in
this approach, is transversely isotropic. Since, the fiber
volume fraction is kept same for all concentric cylinders
the ratio of radii of fiber to matrix annulus in any cylinder
is constant. The CCA model is actually a variant of concentric spheres model as proposed by Hashin [16] for particulate composite. This model is able to determine four effecTable 1: Mechanical Properties HexPLY® IM7/8552
tive elastic moduli: E*1 , v*12 , k*23 , G*12 by the analysis of one
composite cylinder. Here, k*23 is plane strain bulk modu0° Tensile Modulus (GPa)
E11
163
lus.
Poisson’s ratio
ν12
0.3
For the determination of transverse shear modulus
90° Tensile Modulus (GPa)
E22
10
*
G
Transverse Shear Modulus
G23 not known 23 three phase CCA model proposed by Christensen and
Lo [17] has been used. In this model, Christensen and Lo re0° Shear Modulus (MPa)
G12
90
placed all cylinders except one with an equivalent homo0° Tensile Strength (MPa)
Xt
2538
geneous material. In this model, the outer composite cylin0° Compressive Strength (MPa)
Xc
1483
der can have infinite radius. The outer cylinder represents
90° Tensile Strength (MPa)
Yt
64
the composite and hence, it should not affect the overall
90° Compressive Strength (MPa)
Yc
175
effective properties of the three cylinders. This model is
0° Inter Laminate Shear Strength (MPa)
Q
94
known as three phase composite cylinder model or three
0° In Plane Shear Strength (MPa)
R
80
phase CCA model. Now, with the calculation of E*1 , ν*12 ,
90° In Plane Shear Strength (MPa)
S
80
k*23 , G*12 from CCA model, one can calculate G*23 value using three phase CCA model. The mechanical properties of
IM7 carbon fiber [18] and Epoxy Resin 8552 [19] are given in
Table 2. Based on the approach given in [16], the value of
v*23 is calculated as 0.61. Since, the resulting composite is
isotropic, the value of G*23 can be calculated
6 Concentric Cylinder Assemblage transversely
from the value of v*23 .

(CCA) Model

The CCA model was proposed by Hashin and Rosen [15]. In
this model, UD continuous fiber composite is represented
by an assembly of infinite number of concentric cylinders,
with each concentric cylinder consisting of fiber core and
matrix annulus. The fibres considered are infinitely long
cylinders and matrix is also considered to be continuous.
The size of concentric cylinders varies such that they fill in
the entire volume and the volume fraction between fiber

7 Finite element model
In this section the finite element modeling details used in
the present analysis are presented. The finite element analysis has been carried out using a commercial finite element software ABAQUS. The details of the solid modeling,
discretization, element selections and other required data
have been presented in the following subsections.
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(a)
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(b)

Figure 2: (a) Layered Rib Mesh (b) Fastener Idealization

Table 2: Mechanical Properties Fiber and Resin

IM7 Carbon Fiber
Tensile Modulus 276 GPa
ν
~0.2
Shear Modulus 184 GPa
8552 Epoxy Resin
Tensile Modulus 4.4 GPa
ν
0.34

7.1 Elements and Meshing
FE model of control surface structure has been developed in HYPERWORKS meshing module based on a 3DCAD model. The end-ribs, longeron, main-beam, leading
and trailing edges are meshed with controlled 2D-tria elements to form enclosed surfaces which are then converted
to tetrahedral elements (solid). The mid-surface meshing of panels and ribs is generated with 2D 3-noded tria
and 4-noded quad elements (Here, ‘tria’ stands for ‘triangular’ and ‘quad’ stands for ‘quadrilateral’). Then, the
mid-surface mesh is extruded in both directions to form
6 noded 3D wedge and 8 noded 3D hex elements from
tria and quad elements, respectively. Here, ‘hex’ stands
for ‘hexahedral’, which is a brick element. In the present
study, the mesh was developed for each ply of 0.125 mm
thickness in the laminate models. The laminate 3D mesh
of hex and wedge elements is assigned with 3D orthotropic
material properties as indicated in Table 1 in ABAQUS user
material panel. The Fig. 2(a) shows a meshed layered rib.
The assembly has almost 1350 fasteners to connect different components. The assembly has different types of
fasteners like rivets, blind rivets and bolts with different

lengths, materials and diameters. The fastener usage in
the present structure varies with loading and assembly requirements. For the analysis purpose, idealization of the
fasteners has been carried out as shown in Fig. 2(b) using
a beam-element along with ABAQUS distributed coupling
element (DCE). In fastener idealization, 1D-beam element
of the corresponding stiffness and diameter is modeled at
respective location. The end nodes of a 1D-beam are connected to DCE. The DCE on other end is connected to nodes
appearing on an hole area. This approach forms a rigid
connection between bolt-hole and shank of the fastener as
shown in Fig. 2(b).
The idealization is efficient in terms of computational
cost, but it leads to stress concentrations in the vicinity of
DCE. Therefore, to avoid stress concentrations in final results, the local portion of a typical fastener hole is modeled
like a washer of 1.8 times of fastener diameter and kept
in a separate group. This has been shown as stress concentration region in Fig. 2(b). After getting final sequence
of ply orientations, the maximum value of forces passing
through these fasteners are determined, and the reliability
of each fastener is checked at local level.
Table 3 gives the element types along with the number
of elements and nodes used for meshing each component.
The total number of nodes and elements present in the assembly are 1464437 and 1584688, respectively.
Remark: In the present study, a brief convergence study
with different number of elements and nodes has been carried out. The study was also carried out with more number
of elements and nodes than mentioned above. However,
the difference in the results was not seen to significant decimals. Therefore, the number of elements and nodes mentioned above has been used for the complete analysis.
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Table 3: Element and Node Details of Finite Element Model of Canard in ABAQUS

S. No.
1
2
3
4
5
6
7
8
9
10

Component
Main Beam
Side Rib-1
Side Rib-2
Longeron
End Rib
Leading Edge
Trailing Edge
Ribs
Top-Panel
Bottom- Panel

Element Type
TETRA4
TETRA4
TETRA4
TETRA4
TETRA4
TETRA4
TETRA4
HEX8 and PENTA6
HEX8 and PENTA6
HEX8 and PENTA6

ABAQUS Element
C3D4
C3D4
C3D4
C3D4
C3D4
C3D4
C3D4
C3D8I and C3D6
C3D8I and C3D6
C3D8I and C3D6

7.2 Canard Loading and Boundary
Conditions
The available load data from designer gives the distribution of shear force and bending moment along the axis of
longeron and total design-load on the canard control surface is shown in Fig. 3(a). This design-load is including
a design load factor of 1.5 over the limit-load. The design
load for this structure is 10450 Kgf. Hence, the limit load
on the structure will be 6970 Kgf [20].

Figure 3: (a) Loading Diagram (b) NACA0006-63Cp Distribution

NACA has conducted a series of experiments and have
given Cp distribution curves on standard airfoil shapes at
varied Mach number and angle of attack [21]. To determine
the chord-wise loading distribution, the nearest matching
NACA airfoil number is identified based on CAD data of airfoil. Next, based on flight Mach number at sea level flight
conditions, NACA airfoils distribution has been used for
chordwise load distribution as depicted in Fig. 3(b).
The boundary conditions were applied to the mainbeam to simulate its rotation on bearing support and fixity

No. of elements
65595
29449
16951
55126
79142
49920
152868
434083
414955
414955

No. of nodes
11210
4416
10418
29694
6724
21874
27546
500624
431515
431515

via bell-crank bracket taper pins, as discussed in Section 2.
In boundary condition definition, bearing centre nodes are
created and connected by DCE to the bearing area. These
centre nodes are fixed in all translation degrees of freedom, while the rotation about the axis of main beam is kept
free. The free rotation is restricted by fixing taper pin holes
in translation degree of freedom.

8 Optimization problem
formulation
The ply-orientation plays an important role in deciding
stiffness and strength of a laminate as the CFC material
assigned to the ribs and panels has radical difference in
elastic moduli and strengths values in directions 1 and 2.
Now, it is desired to determine ply-orientation combinations which will be capable of taking stipulated loads without any failure. In the present study, the failure considered is the first-ply failure based on Tsai-Wu [22] failure
theory. For a safe design the value of the first-ply failure
index must be less than unity. To get the optimal combination of ply-orientations, GA based optimization procedure
has been implemented in the present study. GA optimizes
the FI value to a near optimal level in successive iterations
by applying its operators like reproduction, mutation and
crossover along with elitist strategy [23].

8.1 Formation of Strings for GA Based
Optimization
The mesh developed in HYPERWORKS is imported to
ABAQUS CAE environment, where material orientations
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parameters are defined to the layers of ribs and panels.
A discrete material orientation definition panel is used in
ABAQUS 6.11 to assign material orientations for the layers
along with additional parameters to control the fiber direction in each layer. The primary axis vector direction chosen is <-1.0, 1.0, 0> for ribs and <1.0, 1.0, 0> for panels in
global coordinate system (xyz) is shown in Fig. 1(b). The
definition of ply-orientation for ribs and panels are with respect to these primary axes. The additional rotation angle
gives the fiber direction in ABAQUS for the ribs and panels under consideration. The additional rotation angle is
controlled outside of the CAE environment of ABAQUS by
using python-scripting.
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−45° angle values as these particular angle orientations
are permitted values in industrial design practice.
The orientations for ribs taken, as shown in Fig. 4,
have −45° and +45° orientations for outer layers. This is
taken because the ribs are subjected to torsional loads and
±45° layers are known to offer better resistance for this
load. Similarly, for panels the outer layers have 0° and
90° orientations, which offer better resistance to bending
of panels.
Table 4: A String for GA Optimization Procedure

P1

P2

P3

P4

P5

P6

R1

R2

R3

R4

8.2 Failure Criterion
For the present problem, a tensor polynomial criterion as
proposed by Tsai and Wu [22] has been used as a failure
criterion. It is a complete quadratic tensor polynomial with
the linear terms. The failure surface given by Tsai-Wu failure criterion has the following scalar form in the stress
space
f (σ i ) = F i · σ i + F ij · σ i σ j

Figure 4: Ply Orientation Parameters for Ribs and Panels

As an initial design, the two top and bottom layers’
orientations for ribs and panel are set to specific values
and internal ply orientations are made variables as shown
in Fig. 4. It is intended for practical industrial applications that these laminate sequences be symmetric. Therefore, the ply orientations for the inner plies are to be set
symmetric. This is done by making a mirror image of ply
orientations about the midline. Thus, for a 12 layer rib
we need only 4 ply orientations and for a 16 layer panel
we need 6 ply orientations to be optimized. The variables
R1, R2, R3, R4 are for ribs and P1, P2, P3, P4, P5 and P6
are for panels. Thus, a string formed by combining these
variables is shown in Table 4. This definition of variables
implies two conditions to the laminate. The first is that the
resultant laminates will be symmetric as desired and the
second is the symmetry of the structure is retained as top
and bottom panels have same ply-orientations. The variables defined in a string will take only 0°, +45°, 90° and

where, F i and F ij are strength quantities of 2nd and 4th order tensor. The condition f (σ i ) ≥ 1 corresponds to a failure, that is, the states of stress inside the surface are “safe”
and those which lie on or outside the surface correspond
to failure. The details of this criterion, its pros and cons
and the evaluation of strength parameters can be seen
in [22, 24].

8.3 Flow Sequence of Genetic Algorithm
Optimization Process
A basic coding of optimization procedure for design optimization using a GA has been written in MATLAB. MATLAB
gives input to python script, which submits the analysis
job in ABAQUS solver. The steps involved in the GA optimization process have been outlined in the following.
1. A set of initial strings (12 strings) has been generated
using random number generator function in MATLAB. The FI is calculated for each string in the set
by submitting the strings to ABAQUS via a python
scripting.
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2. The FI calculations are done using UMAT subroutine
inside ABAQUS. The results of FI are then exported
to a file.
3. Read the results from this file in a MATLAB code, and
assign FI values to each string.
4. The best four strings are taken out of initial population and parent generation is formed. Further, an
ELITE member is preserved in this process.
5. Then the strings are reproduced to form a mating
pool for crossover.
6. The crossover location is selected as 1, 2, 3, 4, 5 or 6, if
FI minimum value is on ribs, otherwise the crossover
location is selected as 7, 8 or 9.
7. The new strings formed after crossovers are submitted to ABAQUS for finite element analysis and FI is
calculated.
8. The strings generated after crossover are compared
with the elite member. If we have a better member,
then the elite member is updated by replacing it with
this new member.
9. Next, we randomly select mutation sites. A 10% of
mutation is applied to get the new strings. A mutation bit randomly takes any other value. For example, 0° can take any value out of +45°, 90° and
−45° or +45° can take any value out of −45°,
+90° and 0°.
10. The cycle from point number 5 to 9 is repeated 5
times in the present study.

9 Results and discussions
In this section, the results from present study are analyzed.
The stresses in the present metallic structure are calculated first to check its reliability. This is followed by the
results obtained from the GA optimization study. Then a
brief convergence study for the GA optimization procedure
is presented. Further, the results for two variants of proposed new design and existing metallic structure are presented. The distribution of FI on the structural members
is also studied. Finally, the comparison between the better variant of the proposed design and existing metallic
structure with respect to deflection analysis has been presented.

9.1 Stresses in Existing Metallic Structure
An analysis of canard has been carried out in ABAQUS to
examine structural reliability of its parts for the present

metallic canard structure. The load is applied as discussed
in Section 5. A Factors of Safety (FOS) (defined as the ratio
of maximum principal stress to allowable stress) obtained
in various components is calculated and given in Table 5.
From the maximum principal stress and FOS it can be
seen that the entire assembly, except the end ribs, is critically designed and has very less margins in design to play
with. Thus, this study also indicates the scope of replacing
some of the components by CFC to reduce the weight of the
structure.

9.2 Results of GA Optimization Procedure
The initial population is generated by random-number
generation function of MATLAB. MATLAB generates random numbers between 0 and 1 which are suitably multiplied with factors to get random population in terms
of possible ply-orientations which is in 0°, 45°, 90° and
135° (−45°) bit combinations. From the random initialpopulation, the best four strings are selected to form parents of iteration-1 (see Table 6). The strings with lower values of FI from the parents of iteration-1 are reproduced
to form a mating pool for crossover. This reproduction
is based on the relative fitness (FI for the present case)
value. In reproduction operation, the string with least fitness value (that is, with higher FI value in present case) is
dropped out (see Table 7).
GAs carry out crossover to form new strings out of the
mating pool. For crossover two pairs of strings A, D and B,
C are selected and portion of the string is interchanged so
as to form two new strings at the selected crossover site.
The new strings are submitted to ABAQUS for finite element analysis via Python Script for calculation of FI. Further, based on the fitness values an elite string is found and
updated (see Table 7, as an example).
To bring in fresh strings, GAs perform mutation operation on strings. A 10% mutation level is decided in present
problem such that almost 1-bit in every string is randomly
flipped after mutation operation. The process is repeated
for 5 iterations. The results of the final iteration are shown
in Table 8.
From Tables 6, 7 and 8 it can be seen that the value of
FI is brought down to 1.38 from a maximum initial value of
11.1 through the various operations of the proposed GA.

9.2.1 Convergence of Optimized Design
A convergence study based on the fitness values and finite
element calculations for the evaluation of FI and fitness
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Table 5: Factor of Safety in Metallic parts

S. No.
1
2
3
4
5
6
7

Component
Top-Panel
Bottom Panel
Ribs
End Rib
Leading Edge
Longeron
Main Beam

Allowable stress (MPa)
510
510
510
310
310
1570
1570

Max-principal stress (MPa)
485
502
497
10
80
1110
1253

FOS
1.05
1.01
1.02
31.0
3.61
1.41
1.25

Table 6: Randomly Generated Initial Population

String-1
String-2
String-3
String-4
String-5
String-6
String-7
String-8
String-9
String-10
String-11
String-12

−45
45
0
90
−45
45
−45
0
0
45
90
90

Initial Population for Tournament Selection
90
45
90
0
45 −45 90
90
90
45
45 −45
0
−45
45
45
90
0
90
0
90
−45 −45 45
90
0
0
90
90
90 −45 −45 90
0
0
0
−45 90
90
45
0
90
45
45 −45
0
0
0
45
45
90
45
90
90
45
45
0
45
0
45
45 −45 −45
45
90 −45 45 −45 45
90
90
0
0
−45
0
0
90
0
−45 −45 90
0
90
90

value of elite strings and population size has been carried
out. The plot in Fig. 5(a) shows that the application of a GA
to the ply orientation problem is viable. Further, GA has capability of producing robust and optimal solutions. Here,
GA started with FI level of a value little above 11, which
was reduced to approximately 1.5 after about 50 finite element computations. During this course, the solution behavior was well bounded (two lines) and also the GA has
shown self repair and self guidance. It can be noticed that
whenever there is a major deviation immediately the next
generation string has improved itself towards the optima
as shown in Table 9.
The GA system cannot guarantee an optimal solution,
but are very much capable of producing near to optimal
results (FI=1.38) which is quite close to the absolute minimum of 1.25 (the value observed with manual variation of
ply orientations in the optimal ply sequence obtained by
GA). It is important to note that the search period of the
GA system is dependent on the size of finite element problem, and in present case each computation takes about an
hour of clock time. Therefore, it was uneconomical to con-

90
−45
45
90
−45
0
−45
0
0
90
−45
−45

0
−45
−45
45
0
0
−45
−45
90
90
90
90

FI
9.31
9.40
8.84
9.54
9.91
10.66
10.73
9.10
11.1
10.78
7.82
9.54

tinue the procedure as there was not much improvement
in elite string fitness value after solving 6th population (see
Fig. 5(b)).
The fast convergence rate indicates GAs beauty to be
applied for not traditional optimization problems. GAs
have started their search operation globally therefore, they
came out very fast with an optimal solution. The randomness is the key ingredient of GA optimization process
which makes them very less likely to get stuck in local optima. However, results obtained in GAs search optimization may not be the best solution, because anytime new
string can come up, which is better than present the best
string. Therefore, after reaching a certain level in this process, the process is stopped. At this level all strings of the
population are almost equally strong in terms of fitness
value.

100 | S. Shrivastava, P.M. Mohite
Table 7: GA Iteration-1

String-A
String-B
String-C
String-D
Elite String

−45
0
0
90
90

String-A
String-B
String-C
String-D
Elite String

90
90
0
0
90

String-A
String-B
String-C
String-D
Elite String

90
90
0
0
90

String-A
String-B
String-C
String-D
Elite String

90
90
0
0
90

Parents (Iteration-1)
45 90
0
45 −45 90
45 90
0
90
0
90
90 45 90 90 45 45
0
0 −45 0
0
90
0
0 −45 0
0
90
Mating Pool (Iteration-1)
90 0
0 −45 0
0
90
90 0
0 −45 0
0
90
45 45 90
0
90
0
90
45 90 45 90 90 45 45
90 0
0 −45 0
0
90
After Crossover (Iteration-1), COL-7
90 0
0 −45 0
0
45
90 0
0
-45
0
0
90
45 45 90
0
90
0
90
45 90 45 90 90 45 90
90 0
0 −45 0
0
45
After Mutation (Iteration-1)
90 0
0 −45 0
0
45
90 0
0 −45 0
0
90
90 45 90
0
90
0
90
45 0 45 90 90 45 90
90 0
0 −45 0
0
45
90
45
45
90
90

9.3 Failure Index
The failure index is defined as a state variable in UMAT and
is plotted in Fig. 6(a) (denoted as SDV1). On a detailed examination, it is observed that maximum FI value is seen on
ribs as shown in Fig. 6(b). The result obtained after completion of the GA procedure was found to be not safe from
strength point of view as the maximum FI value is greater
than unity. Therefore, further investigation has been made
by manually altering ply-orientation in search of a better
string. The manual tweaking of ply-orientations resulted
in a slight improvement of FI value to become 1.25 on ribs
and 0.94 on panels. However, this manual tweaking could
not bring down the FI in safe design limits. It is known that
the bending-stress is inversely proportional to square of
thickness. Therefore, it was decided to increase the thickness of four ribs by 15% for which the FI is more as compared to other ribs. This is done by adding two more plies
to these ribs. Here, the thickness of these plies is increased
by 0.250 mm. The ribs for which the thickness is increased
are shown in Fig. 7(a). This proposed design is termed as
‘Design Variation-2’ in next few sections.

90
45
0
−45
−45

0
−45
−45
90
90

FI
9.31
8.84
9.10
7.82
7.82

−45
−45
45
0
−45

90
90
−45
−45
90

7.82
7.82
8.84
9.10
7.82

0
45
−45
−45
0

−45
−45
90
90
−45

6.80
7.32
8.89
8.03
6.80

0
−45
−45
−45
0

0
−45
90
90
0

4.93
6.40
7.95
7.69
4.93

9.4 Stress Analysis Results for ‘Design
Variation-2’
After incorporation of additional layers on particular ribs,
finite element analysis has been carried out to calculate
FI. The results show that the reinforced structure is safe
from stress point of view. The ply orientations followed in
‘Design Variation-2’ are shown in Fig. 7(b).
The FI plots for canard assembly are shown in Fig. 8.
The maximum value of FI observed is 0.97, which is within
safe design limits. From the figure it can be seen that the
maximum value of FI is at a re-entrant corner. This observation is consistent from mechanics point of view. The
component-wise FOS has been checked and found that
minimum FOS available after conversion to partial composite structure is 1.15.
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Table 8: GA Iteration-5

String-A
String-B
String-C
String-D
Elite String
String-A
String-B
String-C
String-D
Elite String
String-A
String-B
String-C
String-D
Elite String
String-A
String-B
String-C
String-D
Elite String

Parents (Iteration-5)
0 0
0 0 −45 45
0 0
0 0 −45 45
0 0
0 0
0
90
0 45 90 0
0
45
0 0
0 0 −45 45
Mating Pool (Iteration-5)
90 90 0 0
0 0 −45 45
90 90 0 0
0 0 −45 45
45 90 0 0
0 0 −45 45
90 90 0 0
0 0
0
90
90 90 0 0
0 0 −45 45
After Crossover (Iteration-5), COL-8
90 90 0 0
0 0 −45 45
90 90 0 0
0 0 −45 45
45 90 0 0
0 0 −45 45
90 90 0 0
0 0
0
90
90 90 0 0
0 0 −45 45
After Mutation (Iteration-5)
90 90 0 45 0 0 -45 45
90 90 0 0
0 0 −45 45
−45 90 0 0
0 0 −45 45
90 90 0 0
0 0
0
90
90 90 0 0
0 0 −45 45
90
45
90
90
90

90
90
90
0
90

−45
−45
−45
0
−45

0
0
0
0
0

FI
1.38
1.52
2.58
2.90
1.38

−45
−45
−45
−45
−45

0
0
0
0
0

1.38
1.38
1.52
2.58
1.38

−45
−45
−45
−45
−45

0
0
0
0
0

1.38
1.38
1.52
2.58
1.38

−45
45
−45
−45
−45

0
0
0
90
0

1.38
1.49
1.59
3.86
1.38

Table 9: Development of Elite Strings during GA Iterations

90
90
90
90
90
90

90
90
90
90
90
90

0
0
0
0
0
0

0
0
0
0
0
0

−45
−45
−45
0
0
0

0
0
0
0
0
0

9.4.1 Comparison of Deflection for CFC ‘Design
Variation-2’ and Metallic Canard
The deflection of CFC canard control surface structure
is compared for existing metallic structure. The results
shows similar deflection pattern for both structures. However, maximum tip deflection is reduced by 13 %, as illustrated in Fig. 9(a) and Fig. 9(b) for CFC and all metallic design, respectively.
The deflection variation is graphically compared in
the span-wise direction, that is, y-direction and in verti-

0
0
0
0
0
−45

90
45
45
45
45
45

−45
0
0
0
−45
−45

90
−45
0
0
0
0

FI
7.82
6.80
4.93
4.54
2.87
1.38

cally upwards direction, that is, z-direction in Fig. 10(a)
and Fig. 10(b), respectively. The y-component of deflection
is important since the leading edge tip at root rib is likely
to get interference with fuselage due to in-plane bending
of the control surface. In the Fig. 10(a), the maximum deflection in y-direction can be noted as 0.6 mm for CFC canard, that is, Design Variation-2. The limiting value on ydirection deflection is 4 mm, since that much gap is ensured between fuselage and inner edge of control surface
during assembly. From Fig. 10(a), it can be seen that maximum variation of y-direction of deflection is 0.2 mm and
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Figure 5: (a) Variation of FI value (b) Convergence of GA Objective Function

indicates stiffening of the structure. As the stress levels
are within acceptable design limits with the reduced deflections, the proposed re-design is, therefore, acceptable
in terms of stresses and deflections. Further, the weight of
CFC canard is 40.5 kg while that of the metallic canard is
46 kg. Thus, with implication of CFC a weight reduction of
12% is achieved.

10 Conclusions
(a)

]
Figure 6: (a) FI Plot for assembly (b) Maximum value of FI at a rib

that too on negative side with use of CFC laminate. Therefore, a variation of 0.2 mm is well acceptable. The deflection in z-direction is important from aerodynamics and
flutter point of view while in operation. From Fig. 10(b), it
can be observed that deflection of canard is reduced with
implication of CFC laminate. The reduction in deflection

In the present study, a designing methodology for CFC canard over a metallic structure and its optimization for failsafe design under static loading with a GA have been attempted. The Tsai-Wu first-ply failure criterion is used for
fail safe structure design. The failure index calculation is
carried out by finite element analysis in ABAQUS through
UMAT subroutine. The GA is coded in MATLAB which is
driven by finite element analysis results. For this reason,
the MATLAB code is interfaced with ABAQUS finite element solver using python scripting. The key points that
can be concluded from this study are listed below.
1. The stress analysis of an advanced fighter aircraft
canard control-surface has been carried out for the
loads obtained by using shear force and bending
moment diagrams on longeron axis as basic load
data. From this data an airfoil close to this loading
distribution was selected from NACA. The chordwise
Cp distribution was followed based on NACA’s experimental data. The present all metallic canard design is safe from stress point of view with lesser margins in some of the components.
2. The proposed methodology, based on GA, used to
optimize the ply-orientations showed a fast convergence towards optimal design. The application of a

Design and Optimization of a Composite Canard Control Surface

Figure 7: (a) Ribs with additional thickness (b) Ply Sequence on Design-Trial-2

(a)

(b)

(c)

(d)

Figure 8: FI Distribution for (a) Full Structure, (b) Ribs, (c) Top Panel and (d) Bottom Panel
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Figure 9: Deflection Plot for (a) (CFC-DESIGN) (b) Metallic-Design

(a)

(b)

Figure 10: (a) Span-wise Deflection (b) Vertical Deflection

GA to the laminate layup problem is viable. The GA
used to optimize the ply-orientations shows a fast
convergence and came out with better near optimal
solutions.
3. The final optimal ply-orientations from this study
were obtained after adding two laminae in particular ribs. The additional laminae caused 6% increase
in weight on ribs, compared to the weight of ribs
achieved in design optima obtained by GA procedure.
4. The redesign of canard using CFC materials in
ribs and panels has been successfully carried out.
The deflection plots for CFC Design Variation-2 and
metallic design are closely matching. The proposed
design is seen to be stiffer over all metallic design.
5. The total weight saving in canard with the use of CFC
design is about 6 kg which is approximately 12% of
the total weight of the canard.
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