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a b s t r a c t
Morphing aircraft wing skins require composites with conﬂicting structural requirements: low in-plane
stiffness and high out-of-plane bending stiffness. In this study, composites with curvilinear ﬁber paths
are examined to enhance these conﬂicting structural requirements. The numerical results show that
curved ﬁber paths can minimize the in-plane stiffness and increase the bending stiffness simultaneously
compared to a baseline plate with straight ﬁbers. A ﬂexibility ratio is deﬁned to assess the in-plane and
out-of-plane deformation of the plate, simultaneously. A multi-objective optimization is formulated to
ﬁnd optimal curved ﬁber paths which maximize the ﬂexibility ratio of the morphing wing skin. The optimization is performed with ﬁber paths represented as independent discrete ﬁbers and continuous curvilinear ﬁbers. The results show a signiﬁcant increase in the ﬂexibility ratio compared to a baseline plate
with straight ﬁbers. The aspect ratio of plate, laminate stacking sequence and in-plane loading direction
have considerable inﬂuence on the optimal paths of the curved ﬁbers.
Ó 2012 Elsevier Ltd. All rights reserved.

1. Introduction
Next generation aircraft require wings which can reconﬁgure to
multiple shapes, each one of which is optimal at a speciﬁc ﬂight
condition. The aircraft wings capable of such a reconﬁguration in
ﬂight are termed morphing wings [1,2]. One of the key challenges
in developing a successful morphing wing is the development of a
ﬂexible skin which is a continuous layer of material that would
stretch over a stiff morphing structure and forms a smooth aerodynamic surface [3,4]. These require composite skins with conﬂicting
structural requirements: low in-plane stiffness and high out-ofplane bending stiffness. The low in-plane stiffness allows the skins
to deform with less actuation force while high bending stiffness
withstands the aerodynamic loads. Conventional composite laminates with straight ﬁbers may not be the optimal choice as the
in-plane stiffness of the laminate is high in the ﬁber direction
and low in the orthogonal direction. This restricts the design space
of ﬁber reinforced composites for morphing skin applications.
However, the curvilinear ﬁber paths or spatial orientation of ﬁber
angles introduce additional design variables that can be beneﬁcial
in achieving the in-plane and out-of-plane stiffness requirements.
Considerable research has focused on enhancing the static, dynamic and buckling behavior of composite structures with curved
ﬁber (CVF) composites. A brief review of the studies focused on
improving static performance of plates is discussed. Gurdal and
Olmedo [5] studied the in-plane response of a symmetrically
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laminated composite panel with spatially varying ﬁber orientations. An iterative collocation technique was used to study the
effects of spatial variation of ﬁber angle on the displacement ﬁelds,
stress resultants, and global stiffness. Muc and Ulatowska [6]
investigated the minimum compliance design of variable stiffness
composite laminates by the Rayleigh–Ritz method. Local ﬁber
orientation angles are treated as continuous design variables, and
their spatial distribution is determined based on an optimality criterion formulation for minimum compliance design. The study
showed a substantial gain in the bending stiffness by spatially orienting ﬁber angles in their optimal directions. Further, the results
have shown that the optimal spatial distribution of ﬁbers is
strongly dependent on the plate geometry.
Setoodeh et al. [7] studied the optimal design of curved ﬁber
composites for minimum in-plane and out-of plane compliance.
The minimum compliance design problem was formulated in lamination parameters space and the lamination parameters were allowed to vary in a continuous manner over the domain. The
results showed signiﬁcant improvements in in-plane stiffness by
spatially varying the ﬁber angles. In a similar study, a cellular automata (CA) methodology was used for the optimal design of curvilinear ﬁber paths to improve the in-plane response of composite
laminae [8].
In addition to the above studies, the concurrent enhancement of
multiple structural responses of composite plates such as in-plane
compliance, strength and buckling load with CVF composites was
also studied [9–11]. Gurdal et al. [9] studied the effects of ﬁber
paths on the buckling load and the in-plane stiffness of composite
plates. The results showed the existence of many ﬁber paths with
equal buckling loads but with different global stiffness values, or
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vice versa. Alhajahmad et al. [10] studied the optimal ﬁber paths
for maximum strength and buckling performance. The optimal results showed signiﬁcant improvements in the strength and the
buckling load of the structure compared to a quasi-isotropic design
with straight ﬁbers. The simultaneous optimization of maximum
in-plane stiffness and buckling load of a composite laminate plate
was studied in the multi-objective optimization framework with
curvilinear ﬁber paths as design variables [11]. The results showed
that curvilinear ﬁber paths can increase both buckling load and inplane stiffness simultaneously compared to conventional straight
ﬁber composites. Also, the optimum ﬁber paths depend on the
loading direction and boundary conditions. The above studies
clearly show the use of curvilinear ﬁber paths to enhance the multiple structural response of composite structures. However, no
study has focused on the use of curvilinear ﬁber paths to minimize
the in-plane stiffness and simultaneously maximize the out-ofplane bending stiffness of composite structures. Thus the objective
of this study is to maximize the in-plane compliance while simultaneously minimizing the out-of-plane compliance to achieve the
desired structural requirements of morphing skins.
In the ﬁrst part of this study, the effects of spatial variation of
ﬁber paths on the in-plane and out-of-plane response of composite
plates with different aspect ratios are studied. The composite
plates are modeled with the out-of-plane and in-plane boundary
conditions representative of a morphing wing skin. An optimization problem is then formulated to minimize the in-plane stiffness
while simultaneously maximizing the out-of-plane stiffness by
considering the spatial variation of ﬁber angles as design variables.
The ﬁber paths are represented with a discontinuous discrete representation and a continuous ﬁber representation. The optimization is performed for different aspect ratios with the genetic
algorithm as the optimization tool.
2. Curvilinear ﬁber composites
In general, aircraft wing skins are made of balanced symmetric
laminates to avoid undesired elastic couplings. For a balanced symmetric laminate of a variable stiffness composite, the constitutive
equations in terms of force resultants (N x ; N y , and N xy ) and moment
resultants (M x ; M y , and M xy ) can be given as
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CVF laminate is a function of the spatial variation of ﬁber angle
and the stacking sequence of plies, in addition to the thickness term
 3

zk  z3k1 .
3. Structural model of morphing skins
A morphing aircraft based on variable chord or variable camber
concepts requires wing skins with low in-plane stiffness to allow a
large in-plane deformation, and high out-of-plane bending stiffness to carry the aerodynamic loads. For example, a typical UAV
wing or a helicopter rotor blade with variable chord extension is
shown in Fig. 1. The wing skin extends from an initial position
ABCD to ABEF. This portion of the wing skin can be modeled as a
composite plate with boundary conditions representing those of
the wing skin [4,13].
In this study, the composite plates are modeled for boundary
conditions which allow the in-plane deformation while carrying
the aerodynamic pressure loads. The boundary conditions for the
out-of-plane deformation and in-plane behavior of the plate are
shown in Fig. 2. The plate is simply supported at three sides and
ﬁxed at one side for the out-of-plane deformation and denoted
as SSFF. Similarly, the plate is allowed to deform in the in-plane
direction as shown in Fig. 2b. The ratio of length (L) to chord (B)
of the plate is deﬁned as the aspect ratio ðAR ¼ L=BÞ. The length
of plate represents the distance between the ribs of a wing where
the plate is supported along the spanwise direction. The morphing
wing skins are subjected to the aerodynamic loads and the in-plane
actuation forces shown in Fig. 1 [13]. Generally, the aerodynamic
pressure over the cross-section of a wing varies in the chord wise
direction. However, the variation in aerodynamic pressure near
the trailing edge portion is less than the variations near the leading
edge of the wing. Therefore, a uniform pressure which represents
the aerodynamic pressure is applied to the plate representing the
skin [13,4]. Similarly, a uniform in-plane load to represent the
actuation force is applied along the boundary CD of the plate as
shown in Fig. 2b. The in-plane and out-of-plane deformations of
the plate corresponding to these loads are simulated. The structural analysis is carried out with ANSYS using the SHELL281 elements. The modeling of laminated composite shells with
SHELL281 is governed by the ﬁrst order shear deformation theory
[14].
From the morphing wing perspective, the change in in-plane
area of the wing skin is a signiﬁcant factor. The increase in the
in-plane area (DCEF =dA) for a prescribed in-plane loading is calculated as shown in Fig. 2b. The morphing wing skins also require the
minimum out-of-plane deformation to retain the aerodynamic
performance of the wing [2,4]. Therefore, the maximum value of
out-of-plane deformation (wm ) for the prescribed uniform pressure
loading is calculated.

where Aij and Dij are the elements of the in-plane and bending
stiffness matrix of the composite plate, respectively [12]. The mid
out-of-plane displacement is represented by w and in-plane
displacements in the x and y directions are represented by u and
v, respectively. The above equations show that the in-plane and
out-of-plane displacements are independent and depend on
Aij and Dij , respectively. The stiffness parameters are given by
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where the Q ij s are the transformed reduced stiffness terms. The
terms zk and zk1 are the upper and lower coordinates of the kth
ply, respectively. The above relations show the in-plane stiffness
of a CVF laminate is a function of the thickness of the plies
ðzk  zk1 Þ and spatial variation of the Q ij ðx; yÞ which in turn is a
function of the ﬁber angle. Similarly, the bending stiffness of the
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Fig. 1. Typical representation of morphing wing with chord extension.
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h

i

laminate with 2n plies can be given as hT ko jT k1 in . The values of
s
T 0 and T 1 are given in degrees in this study.
4. Numerical results

Fig. 2. Boundary conditions of morphing wing skins (SS-simply supported edge,
FF-clamped edge).

The ﬁber paths of a variable stiffness composite plate can be deﬁned in multiple ways. However, the ﬁber paths are limited by
manufacturing constraints. Most of the studies on curved ﬁber
composite deﬁne a linear, 1-D variation of a reference ﬁber path.
This linear variation along the panel direction y can be given as

y
 
hðyÞ ¼ 2ðT 1  T o Þ  þ T o
B

ð4Þ

where hðyÞ represents the ﬁber orientation, B denotes the width of
the plate, and T 1 and T 0 represent the ﬁber angles at the edge
ðy ¼ B=2Þ and middle of the plate ðy ¼ 0Þ, respectively. This reference ﬁber path, as shown in Fig. 3, can be repeated along the x direction to manufacture the CVF composite plate [9]. This ﬁber path
deﬁnition of the single ply layer is generally represented as
hT 0 jT 1 i. The stacking sequence of a balanced symmetric CVF

In the conventional wing design, the skin is generally made of
straight ﬁber composites with 45 plies. Therefore, the performance of the curved ﬁber composites are compared with a baseline
composite plate with 45 plies. Initially, the effects of the curved
ﬁber paths on the in-plane dA and the maximum out-of-plane
deformation ðwm Þ are studied for the aspect ratios 0.5, 1.0 and
2.0, as discussed in Section 3.
The plate is divided into 18  36 ¼ 648 elements with 36 rows
along the length L and 18 elements along each row as shown in
Fig. 4. The number of elements is selected based on the convergence of in-plane and out-of-plane deformations. Also, in Ref.
[15], the vibration of plates with curvilinear ﬁbers is studied with
the plate divided into 10  10 ¼ 100 elements and plates with ﬁner
element divisions than the 100 element divisions showed similar
numerical results.
Graphite/epoxy (CFRP) composite plies with elastic constants
Ey ¼ 89:85 GPa, Ex ¼ 5:81 GPa, Gxy ¼ 2:04 GPa, myx ¼ 0:32 and
thickness = 0.05 mm are used in this study. A uniform pressure
of 50 Pa is applied to the surface and a uniform in-plane loading
of 1 N/mm is applied along the edge of the plate. These out-ofplane and in-plane loads are selected from the morphing wing
study given in Ref. [13]. A detailed discussion on the aeroelastic
loading of wing is given in reference [13].
Initially, a parametric study is performed to study the in-plane
and out-of-plane behavior of CVF composites. The parametric
study is performed for three ARs of 0.5, 1.0 and 2.0. The chord of
the plate (B) is considered to be constant with a value of 100 mm
for all the ARs. A balanced symmetric laminate with four plies is
considered for the parametric studies. The curvilinear ﬁber path
is implemented in the FE model by dividing the plate into nine
divisions along the chord and the elements in each division have
the constant ﬁber angles obtained from Eq. (4).
To evaluate the potential beneﬁts of CVF composites to the
morphing skin application, the in-plane and out-of-plane deformations have to be calculated simultaneously. The ratio of change in
the in-plane area (dA) to the maximum out-of-plane deﬂection
(wm ) can be used to measure the performance of the CVF composites.
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Fig. 3. Curved ﬁber paths in a composite plate.

C

Chord, B
Fig. 4. FE model of the plate.
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This ratio is deﬁned as the ﬂexibility ratio (FR ¼ dA=wm ). The highest FR can be considered as optimal for the morphing skin requirements. The ﬂexibility ratio is normalized with the values
corresponding to the baseline plate with 45 straight ﬁbers
(FR=FRb ) to measure the beneﬁts of the CVF over straight ﬁbers.
The variation of (FR=FRb ) with respect to the variation of hT o jT 1 i
is evaluated for three ARs (0.5, 1.0 and 2.0). The variables T 0 and T 1

Span (not−to−scale)
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Chord (Area segments)
Fig. 6. Curved ﬁber paths of maximum FR, AR = 2.0.

are varied from 0 to 90° and the corresponding structural deformations are measured for the speciﬁed in-plane and out-of-plane
loadings. The numerical results are shown in Fig. 5. For ARs of 0.5
and 1.0, as shown in Fig. 5a and b, the non-dimenzionalised ﬂexibility ratio (FR=FRb ) shows an increase of almost 700% and 150%,
respectively. The maximum FR occurs for hT o jT 1 i equal to h90j90i.
This corresponds to straight ﬁbers which are perpendicular to the
in-plane loading and the stiffness is dominated by Ex of the laminate, i.e., the matrix properties. However, there is also a considerable increase in the in-plane deformation for the ﬁber angles
between h45j45i and h90j90i. This region represents a composite
with curved ﬁber paths for which T 0 is not equal to T 1 . In contrast
to ARs of 0.5 and 1.0, the FR is maximum when the ﬁbers are
curved (i.e., T o – T 1 ) for AR of 2.0. The maximum FR is shown by
arrows in Fig. 5c and the corresponding ﬁber paths are shown in
Fig. 6. The FR show an increase up to 100%. These numerical results
show the spatial representation of ﬁber paths have considerable
inﬂuence on the FR and also vary with the AR of the laminate.
5. Optimization problem
In the previous section, the parametric studies are performed
with a balanced symmetric laminate with four plies given by
½hT o jT 1 i=hT o j  T 1 is . The FR is plotted as a function of T o and T 1
and the optimal ﬁber paths can be obtained from the plots. However, for a laminate with more than four plies or the ﬁber paths deﬁned by functions other than the relation given in Eq. (4), an
optimization formulation can be used to ﬁnd the optimal ﬁber
paths. Among numerous optimization methods, genetic algorithms
(GAs) are most commonly used in the optimal design of constant
stiffness and variable stiffness composite laminates [16,17]. GAs
are preferred in the composite laminate optimization studies because of its simple coding, gradient free calculations and ease in
handling the different types of objective functions and design variables [18].
The morphing skins require maximum in-plane deformation
(dA) for the given actuation loadings and minimum out-of-plane
deformation (wm ) in response to the aerodynamic loads. These
two objectives are normalized with the corresponding values
(dAb and wbm ) of the baseline plate with 45 straight ﬁbers and given as

Minimize;
Minimize;

Fig. 5. Variation of ﬂexibility ratio of the plate with curved ﬁber paths.

J1 ¼


1
dAðhs Þ
b

 dA 
wm ðhs Þ
J2 ¼
wbm

ð5Þ
ð6Þ

Here, the design variable hs represent the spatial variation of ﬁber
angles.
The optimization is performed for two cases with ﬁbers represented as discrete ﬁbers and continuous ﬁbers. The optimization
with discrete ﬁber representation is performed to explore the
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Span (not−to−scale)

spatial anisotropy of variable stiffness composites [17]. Therefore,
the optimization is carried out for ARs of 0.5, 1.0 and 2.0. The optimization is performed as a single objective function with a
weighted sum approach used to combine the two objective
functions.
In the second case with continuous ﬁber path representation,
the optimization is performed with speciﬁc consideration of the
morphing skin application. The optimization is performed for an

AR of 2.0 which is more representative of morphing skin applications. Further, the optimization in this case is performed with multi-objective genetic algorithm based on the non-dominated sorting
genetic algorithm (NSGA-II) [19,17].
5.1. Discrete ﬁber
In this case, the plate is divided along the chord B into nine divisions with each division parallel to the span L [2]. The ﬁber oreintation of each division is considered as design variable with a total
of nine design variables. A weighted sum approach is used to combine the two objective functions and given as

Minimize; J ¼ a1 J 1 ðXÞ þ a2 J 2 ðXÞ

ð7Þ

X ¼ ½hn ;

ð8Þ

n ¼ 1; 9

where a1 and a2 are the weights of the functions. Equal weights are
assigned to both of the objective functions, i.e., a1 ¼ 0:5 and
a2 ¼ 0:5. As this discrete ﬁber case is used to demonstrate the
advantage of spatial discretization, only single objective optimization is performed. However, a Pareto optimization is performed in
the continous ﬁber case. The optimization is performed with the
GA coupled to the FE analysis in ANSYS. The optimal solutions are
shown in Fig. 7, respectively. For an AR of 0.5, the FR is 700% higher
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Table 1
Pareto-optimal solutions.
No.

In-plane
deformation
(% increase)

Out-of-plane
deformation
(% reduction)

Curved ﬁber angles ½hT ko jT k1 i4 

1
2
3
4

47
32
30
16

2
11
16
20

½h49j27i; h65j33i; h75j64i; h70j68i
½h20j40i; h45j63i; h63j75i; h51j66i
½h14j41i; h32j70i; h65j65i; h61j77i
½h28j20i; h82j46i; h63j71i; h73j70i

than its baseline value. The optimal results show ﬁber paths almost
perpendicular to the in-plane loading direction. For the ARs of 1.0
and 2.0, the FR shows an increase of 80 and 150 percent, respectively. The corresponding optimal results show ﬁber paths which
are curved along the edge CD of the plate.
5.2. Continuous ﬁber path
In this case, a balanced symmetric laminate with 16 plies is considered and the total thickness is considered to be equal to the
thickness of the laminates with 4 plies in the previous cases. The
continuity of ﬁbers is maintained by representing the ﬁber paths
with Eq. (4).
ﬁber laminate with 16 plies can be repreh The curved
i
sented as hT ko jT k1 i4 where T ko and T k1 represent the design varis
ables of the kth ply. This formulation gives 8 design variables.
The in-plane and out-of-plane loading conditions are identical to
those in the previous section.

Minimize;

J ¼ ½J 1 ðXÞ; J 2 ðXÞ
hD
E D
E D
E D
Ei
where X ¼ T 1o jT 11 ; T 2o jT 21 ; T 3o jT 31 ; T 4o jT 41

ð9Þ

The multi-objective genetic algorithm based on the non-dominated
sorting genetic algorithm (NSGA-II) is used to obtain the Paretooptimal solutions [19]. The multi-objective optimization is performed with MATLAB with a population of 120, Pareto fraction
value of 0.35 and the number of generations as 1000 [20].
The Pareto-optimal solutions are shown in Fig. 8. The Pareto
front in Fig. 8a shows four optimal solutions for which the values
of both the objective functions J 1 and J 2 are less than 1. For easy
of understanding, the Pareto-front is replotted in terms of the inplane and out-of-plane deformation as shown in Fig. 8b. The optimal solutions shows an almost linear increase in the out-of-plane
deformation while the in-plane deformation is maximized. However, the optimal solutions near the optimal point A, as shown in
Fig. 8b, show an increase of 30–50% in the in-plane ﬂexibility while

Ply 1

Ply 2

the out-of-plane deformations are reduced by 2–10%. This show
the curved ﬁbers can be used to increase the in-plane ﬂexibility
while simultaneously minimizing the out-of-plane deformation.
The Pareto-optimal solutions for which the in-plane deformation is increased while the out-of-plane deformation is reduced
are given in Table 1. The curved ﬁbers corresponding to optimal
point 1 in Table 1 is shown in Fig. 9. From the optimal T 0 and T 1
values given in Table 1, the plies (plies 1 and 2) which are away
from the neutral axis of the laminate tends to be curved along
the chord of the plate while the plies closer to the neutral axis
(plies 3 and 4) tends to be curved along the span of the plate.
The results of parametric and optimization studies show the use
of CVF composites for small scale morphing wings can be highly
beneﬁcial compared to straight ﬁber composites.
In this study, the optimization is performed as an unconstrained
optimization problem. However, the manufacturing constraints
have to be added to realize the laminates with curved ﬁbers. Advanced manufacturing techniques such automated ﬁber placement
techniques are currently used to realize the curved ﬁber composites. This techniques require the maximum allowable curvature
of ﬁber path to be less than 3.28 m1. A detailed discussion on
the manufacturing techniques and constraints can be inferred from
references [21,22,17].
6. Conclusion
In this study, the effect of curved ﬁber paths on the in-plane
ﬂexibility and out-of-plane bending stiffness of composite plates
representative of a morphing wing skin is studied. Initially, the effects of ﬁber paths on the in-plane and out-of-plane deformation is
studied for various boundary conditions and aspect ratios. A ﬂexibility ratio is deﬁned to assess both the in-plane and out-of-plane
deformation simultaneously. A multi-objective optimization problem is then formulated to maximize the ﬂexibility ratio of the
plate. The optimization is performed with curvilinear ﬁber paths
represented as independent discrete ﬁbers and also continuous ﬁber representations. The following conclusions are drawn from this
study:
1. The parametric study is performed with curvilinear ﬁbers represented as a function of two variables, T 0 and T 1 . The ﬂexibility
ratio shows an increase of 700% and 150% for the plate with ARs
of 0.5 and 1.0, respectively. The FR is maximum when the ﬁbers
are straight and perpendicular to the direction of in-plane loading. However, there is also a signiﬁcant increase in the FR when

Ply 3

Fig. 9. Optimal curvilinear ﬁber paths.

Ply 4
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the ﬁbers are curved. For the plate with AR of 2.0, the FR shows
an increase of 100%. The maximum FR occurs when the ﬁbers
are curved. These results show the curved ﬁber paths have considerable inﬂuence on the in-plane ﬂexibility and out-of-plane
bending behavior of the plate and also vary with the AR of the
plate.
2. An optimization is performed with the spatial variation of ﬁbers
represented as discrete ﬁbers. The optimal results show an
increase of 700% in the FR for the plate with an AR of 0.5. The
optimal solutions are almost straight ﬁbers that are perpendicular to the in-plane loading direction. For the plate with ARs of
1.0 and 2.0, the optimal results show an increase of 80% and
150%, respectively. The optimal ﬁber paths are curved along
the in-plane loading direction.
3. A multi-objective optimization is performed with the spatial
variation of ﬁbers represented as continuous curvilinear ﬁbers.
The Pareto-optimal solutions are obtained by using the nondominated sorting genetic algorithm. The Pareto-optimal solutions show an increase of 15–50% in the in-plane ﬂexibility
while the out-of-plane deformations are reduced by 2–20%,
simultaneously. The plies which are away from the neutral axis
of the laminate tend to be curved while the plies near to the
neutral axis tend to be straight ﬁbers. The numerical results
show the curvilinear ﬁbers can be beneﬁcial to meet the conﬂicting design requirements of morphing wing skins.
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