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Multi-objective geometry optimization
of the Fish Bone Active Camber
morphing airfoil
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Abstract
This work presents the development of a design optimization code for the geometry of the Fish Bone Active Camber
morphing airfoil concept, which has been under development at Swansea University. This concept employs a biologically
inspired architecture to provide highly anisotropic structural compliance, which creates smooth and continuous camber
changes of large magnitude. Previous work has shown that this concept is capable of large lift coefficient control author-
ity and significant reductions in drag over traditional trailing edge flaps. Further development of the concept requires a
more robust design methodology that allows for an automated and thorough search of the available design space in
order to optimize the aero-structural and system-level performance of the concept. To this end, this research extends a
previously developed fluid–structure interaction analysis into a useful design tool by embedding it within a multi-
objective structural optimization routine based on a genetic algorithm. The three objective functions of aerodynamic
drag, added mass, and actuation energy are minimized concurrently. Example results from a specific operating condition
are shown. Examination of the Pareto frontiers and the objective values of the population at large give insight into the
structural behavior of the morphing concept. The objectives of mass and energy are found to be strongly competing, but
good compromise points exist. The drag objective is found to be less sensitive than the others, with low drag being
achievable across a range of designs with both low mass and low energy requirements, although the Pareto frontiers
formed are not as well populated with regard to drag.
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Introduction

Changing the amount of camber present in an airfoil is
a powerful means of controlling the forces and moments
that it generates under fluid flow. Furthermore, the con-
trol authority provided is significant even if only a mod-
est portion of the airfoil chord has the ability to change
camber. This is the case with trailing edge flaps, which
create camber change through rotation of a discrete por-
tion of the chord, typically the last 20%–30%, relative
to the rest of the airfoil. The simplicity and efficacy of
these devices have led to their near ubiquitous use as the
control effectors of fixed-wing aircraft (Abzug and
Larrabee, 2002) and as high lift devices for takeoff and
landing (Raymer, 2006). They have also been used for
some time in a wide range of applications across a broad
spectrum of fluid control applications, including heli-
copter rotors (Kaman, 1948), ship rudders (Overgaard
and Livingston, 1926), submarines (Burcher and Rydill,
1995), and hydrofoil boats (Shinners, 1998) among
others.

Trailing edge flaps are not without drawbacks how-
ever. Chief among these is a significant increase in drag
when they are used. Due to the sharp, discrete manner
in which they change the airfoil’s camber, sudden
changes in pressure and flow separation are typical,
resulting in large increases in drag over the baseline air-
foil, particularly at large lift coefficients (Raymer,
2006). Many researchers and inventors have sought to
address this shortcoming by using ‘‘morphing’’ struc-
tures to create a smooth and continuous change in cam-
ber along the chord. Even as early as 1920, engineers
were attempting to design structures which, through
various combinations of mechanism motion and

College of Engineering, Swansea University, Singleton Park Campus,

Swansea, UK

Corresponding author:

Benjamin KS Woods, College of Engineering, Swansea University,

Singleton Park Campus, Swansea SA2 8PP, UK.

Email: b.k.s.woods@swansea.ac.uk

 at Swansea University on April 4, 2016jim.sagepub.comDownloaded from 

http://jim.sagepub.com/


material compliance, could significantly change their
camber (Parker, 1920). Recently, this has become an
intensely active area of research, with over 60 differ-
ent concepts being proposed in the last two decades
alone. A thorough overview of the work done is given
in the review article by Barbarino et al. (2011), and
several other review articles discuss it as well (Chopra,
2002; Giurgiutiu, 2000; Weisshaar, 2013). Over the
last two decades, compliance-based approaches have
become more common than mechanisms, presumably
due to concerns about the weight penalty and mainte-
nance/reliability issues associated with the large num-
ber of moving parts typical of the mechanism-based
concepts. While a detailed review of previous research
is outside the scope of this work, and perhaps redun-
dant given the array of excellent review articles in the
literature, it can be seen in the following references
that there has been a progression over time toward
simpler, compliance based designs (Parker, 1920;
Antoni, 1932; Bryant and Stewart, 1963; Zapel, 1978;
Campanile and Sachau, 2000; Bartley-Cho et al.,
2004; Daynes et al., 2010; Hetrick et al., 2013)

The detailed design of morphing active camber air-
foil concepts is often a difficult, multi-disciplinary prob-
lem. This is due to the complexity and non-traditional
nature of the structural geometries employed and the
presence of significant fluid-driven deformations, par-
ticularly in the case of concepts relying on compliance.
This makes it imperative that any design effort should
include coupled fluid–structure interaction (FSI) analy-
sis methods to find static equilibrium points between
structural and aerodynamic forces. The complexity of
the problem also motivates the use of powerful optimi-
zation algorithms that are adept at handling multi-
objective problems with complex and unknown solu-
tion spaces, such as genetic algorithms (GAs). This
work will combine an FSI solver and a GA to create a
design optimization routine for a novel compliance-
based camber morphing airfoil concept.

A growing body of work exists on the optimization
of morphing aircraft structures, with the coupling of
aerodynamic and structural solvers being a common
approach necessitated by the compliance present in the
various concepts studied. A variety of approaches have
been explored, using analysis methods of various levels
of fidelity, single and multiple objectives, and a number
of optimization algorithms, with GAs in particular
being a popular choice (Gamboa et al., 2009; Maute
and Reich, 2006; Maute et al., 2000; Molinari et al.,
2014; Namgoong et al., 2007).

Fish Bone Active Camber concept

The Fish Bone Active Camber (FishBAC) morphing
airfoil provides an alternative design architecture to
both traditional discrete flaps and the other morphing

camber designs in the literature. Introduced by Woods
and Friswell (2012), this design employs a biologically
inspired compliant structure to create large, continuous
changes in airfoil camber and section aerodynamic
properties. The structure consists of a thin chordwise
bending beam spine with stringers branching off to con-
nect it to a pre-tensioned elastomeric matrix composite
(EMC) skin surface. Unlike many previous designs, all
the structural deformation occurs through compliance,
with no mechanisms, linkages, or sliding skins.
Additionally, both core and skin are designed to exhibit
near-zero Poisson’s ratio in the spanwise direction. Pre-
tensioning the skin in the chordwise direction signifi-
cantly increases the out-of-plane stiffness and elimi-
nates lower surface skin buckling when morphing
(Murray et al., 2010; Woods and Friswell, 2012).
Smooth, continuous bending deflections are driven by
a high stiffness, antagonistic tendon system. Actuators
mounted in the rigid forward portion of the airfoil drive
a tendon spooling pulley through a non-backdrivable
mechanism (such as a low lead angle worm and worm
gear). A schematic overview of the FishBAC concept is
shown in Figure 1. Since the tendon system is non-
backdrivable, no actuation energy is required to hold
the deflected position of the structure, reducing control
action and power requirements. Furthermore, the auto-
matic locking action of the non-backdrivable mechan-
ism allows the stiffness of the tendons to contribute
significantly to the chordwise bending stiffness of the
trailing edge under aerodynamic load, without increas-
ing the amount of energy required to deflect the
structure.

Wind tunnel testing of the prototype seen in
Figure 2 found that the FishBAC provided improved
aerodynamic efficiency when compared to traditional
trailing edge flaps, with increases in lift-to-drag ratio of
20%–25% being realized at equivalent lift conditions
(Woods et al., 2014). An increase in lift coefficient of
DCl = 0.72 between unmorphed and morphed was
measured at a freestream velocity of VN = 20 m/s and
an angle of attack of a = 0�, establishing a large
degree of control authority.

The large achievable deflections and continuous
compliant architecture make this concept applicable to
fixed-wing applications ranging in scale from small
unmanned aerial vehicles (UAVs) to commercial airli-
ners, and to rotary wing applications including wind

Figure 1. Fish Bone Active Camber concept.
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turbines, helicopters, tilt-rotors, and tidal stream
turbines.

Fluid–structural interaction analysis

At the core of the optimization code presented here is a
weakly coupled, partitioned FSI analysis that predicts
the deformed equilibrium shape, aerodynamic perfor-
mance, and actuation requirements of the FishBAC
structure under internal actuation and external aerody-
namic loading. This analysis code has been presented
in detail in previous work (Woods and Friswell, 2013a)
and so is only outlined here to provide sufficient under-
standing of its operation with respect to the optimiza-
tion run with it. Figure 3 shows schematically the
components of this FSI code, and the manner in which
the structural and aerodynamic partitions are coupled
and iterated until convergence. The various compo-
nents of this analysis will be discussed in turn.

Geometry definition

The definition of the FishBAC geometry used within
the FSI analysis is relevant here since its parameters
form the design variables that define the parameter
space of the GA optimization. In this work, the bending
beam spine, stringers, and skin are considered as sepa-
rate elements which can be varied to create significantly
different FishBAC configurations with widely varying
mechanical and aerodynamic properties. Figure 4 shows
the physical meaning of the variables used to define the
geometry. The thicknesses of the skin, tsk, stringers, tst,
and bending beam spine, tb, form three of the design
variables, the start and stop point of the morphing
along the chord (xle and xte, respectively) are two more,
and the final design variable is the number of stringers,
Ns, for a total of six design variables required to define
the FishBAC geometry in this formulation. The baseline
airfoil geometry used in this study is the NACA 0012.

Structural model

This section introduces the low-fidelity, Euler–Bernoulli
(EB) beam theory structural model developed for the
FishBAC. This model allows for very quick analysis of

design configurations and for parameter-driven modifi-
cations to the geometry and loading. Since the deriva-
tion and validation of this model are the subject of
previous work (Woods and Friswell, 2013a, 2013b), the
basic approach will just be outlined here and the inputs
and outputs will be discussed.

The low-fidelity structural model is analytical and
derived from EB beam theory. The low chordwise
bending stiffness and high length-to-thickness ratio of
the bending spine, low in-plane stiffness of the skin,
and the continuous loading along the span make EB
theory a good initial approximation for analysis.

The relationship between net aerodynamic pressure,
p, flexural rigidity, EI, and vertical displacement, w, is
given by the EB beam equation (Meirovitch, 2001)

d2

dx2
EI(x)

d2w

dx2

� �
= p(x) ð1Þ

The bending deflections of the morphing structure
are found by integrating the aerodynamic pressure dis-
tribution in equation (1) to find shear distribution, inte-
grating that to find moment distribution, integrating
again to find the distribution of slope, and then inte-
grating one final time to find the deflection of the neu-
tral axis.

The bending moment produced by the tendons is
included in the integration of the EB equations. Since
the strain, and therefore force, in the tendons depends
on the amount of deformation in the spine, the solution
must be iterated until convergence. The known thick-
ness distribution for the NACA 0012 airfoil is then

Figure 3. Schematic overview of the fluid–structure
interaction analysis.

Figure 2. FishBAC wind tunnel test model showing deflected
shape.
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superimposed onto the neutral axis deflection, produc-
ing the deformed airfoil shape.

The flexural rigidity (EI) distribution of the
FishBAC structure is formulated as a linear superposi-
tion of its components in this analysis. As described in
further detail elsewhere (Woods and Friswell, 2013a),
the flexural rigidity of the various FishBAC compo-
nents are calculated individually and then summed
along the chord.

This structural model has been shown to provide
good levels of accuracy over a range of loading condi-
tions, with prediction error less than 5% compared to
the experiments (Woods and Friswell, 2013b). The very
low computational cost of this method compared to a
high-fidelity finite element analysis makes it ideal for
use in the optimization code developed here.

Aerodynamic model

The aerodynamic pressure distribution acting on the
FishBAC is found using the XFOIL panel method
code. This code includes a viscous boundary layer com-
ponent to predict skin friction drag and flow separation
(Drela, 1989). The code requires as inputs the aerody-
namic conditions (Mach number, M, angle of attack,
a, and Reynolds number, Re) and the non-
dimensionalized airfoil skin coordinates. Using linear
vorticity potential flow theory with viscous boundary
layer corrections, XFOIL then calculates the distribu-
tion of pressure coefficient over the airfoil.

For the structural component of this FSI problem,
we consider the distribution of the dimensional pressure
acting from the start of the morphing section to the
trailing edge (xle \ x \ 1). Furthermore, since defor-
mations in the thickness direction are not considered in
this analysis (since the thickness distribution is main-
tained by the stringers), the pressure on the lower and
upper skins can be combined to create a net pressure
which acts on the spine as a chordwise varying distribu-
ted load, p, an example of which is shown in Figure 5.
The effect of the skin surface pressures on local defor-
mations of the skin between stringers is considered sep-
arately, as discussed below. For the FSI structural
analysis, the net pressure distribution is applied directly
to the bending spine.

Convergence and prescribed lift coefficient matching

For any given FishBAC geometry and actuation input
setting (defined by a prescribed rotation of the tendon
spooling pulley), the structural and aerodynamic solvers
are iterated until a converged static equilibrium is
achieved. Stability of convergence is encouraged
through the use of relaxation parameters. The resulting
shape will have some associated aerodynamic perfor-
mance. In order to achieve a specified equilibrium lift
coefficient, as is required for the optimization described
below, the FSI code is run through a sweep of increas-
ing tendon spooling pulley rotations (starting from 0)
until the converged lift coefficient is greater than the
requirement. At that point, there will be a number of
points available which describe the relationship between
pulley rotation and lift coefficient for that particular
geometry, and a cubic interpolation is used to estimate
the exact pulley rotation which will achieve the desired
lift coefficient. The FSI is then rerun using the esti-
mated actuator setting to ensure that the lift coefficient
achieved is within a certain tolerance, which in the work
below was set to 1%.

FishBAC multi-objective geometry
optimization

The FishBAC FSI code highlighted above is used in
this work inside of a GA optimization scheme to deter-
mine the combinations of FishBAC geometric para-
meters which give optimized performance against three

Figure 4. Geometry definition for this study.

Figure 5. Representative net pressure distributions.
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different objective functions at a given operating condi-
tion and under relevant constraints. The details of this
analysis will be presented in this section. First, the selec-
tion of a GA optimizer will be explained, followed by
details of the operating condition chosen for this analy-
sis. Then, the derivation and significance of the three
objective functions chosen will be presented, the upper
and lower bounds placed on the optimized variables
will be explained, and the constraint function imple-
mented to ensure that the out-of-plane deflections on
the skin under aerodynamic loading are sufficiently
small will also be derived.

Optimization algorithm

First, it is important to explain the choice of a GA for
the current optimization work, as many optimization
schemes are available in the literature with varying
degrees of applicability to the current problem. The
FSI code being optimized has non-linear behavior due
to the presence of non-linear aerodynamic effects
(separation, stall, etc.) and non-linear structural inter-
actions between the antagonistic drive tendons and the
base compliant structure, which also includes geometric
non-linearities. Furthermore, there is no a priori knowl-
edge of the fitness landscape, with local minima likely
present. These factors complicate the use of gradient-
based methods and make it hard to ensure that global
optima have been reached. Purely stochastic methods
are not expected to efficiently search the design space in
this case, and the non-negligible amount of computa-
tion time required for each converged solution of the
FSI (roughly 20–30 s on an Intel i7 processor) necessi-
tates a reasonable amount of efficiency in searching out
optima. In order to make this code useful for real-life
design problems, it is desired to have convergence times
measured in hours instead of days on reasonably pow-
erful computers. Brute-force (i.e. exhaustive) searchers
are consequently prohibitively expensive. The charac-
teristics of this problem therefore make it amenable to
the use of GAs, although the size of the design space
and the desire for tightly mapped Pareto frontiers will
require large population sizes.

This work uses a multi-objective GA optimizer
included in the Global Optimization toolbox for
MATLAB R2012b. Known as ‘‘gamultiobj,’’ this func-
tion uses a controlled elitist GA which is a variant of
NSGA-II (Deb, 2001). As the underlying FSI code is
written in MATLAB, its integration into the GA is
straightforward. The control parameters for the GA
were experimented initially to find combinations that
provided good population diversity and dense coverage
along the Pareto frontiers. Sufficient mutation was
ensured by setting the crossover fraction to 0.4, a
Pareto fraction of 0.70 was used to encourage the
retention of individuals on the Pareto frontiers, and
1000 individuals were evaluated in each generation.

For the results presented here, the optimizer was run
for 30 generations. These are not sufficient to ensure
convergence, but allow for initial results which capture
the overall relationships between the objectives. The
total run time is on the order of 200 h on a single
machine. The implementation is not currently paralle-
lized, and it is expected that significant time saving
could be achieved with a larger number of processors.

Operating condition

In order to allow for a meaningful insight into the
mechanics of the FishBAC structure with this optimiza-
tion routine, it is necessary to keep certain parameters
constant over the course of the study. It is meaningless,
for example, to have one member of the population
operating at VN = 30 m/s with a lift coefficient of
cl = 0.5 and another at VN = 15 m/s with a lift coeffi-
cient of cl = 0.9 inside of the optimization. The para-
meters that were set before optimization are shown in
Table 1 and can be thought of as the parameters that
define the operating condition in which we would like
to introduce a FishBAC morphing airfoil as a means of
camber control. They are therefore application specific,
but can easily be changed to match a desired situation
and the optimization rerun. The operating condition
used for this work is chosen to be representative of a
generic medium-scale UAV (305 mm chord) under-
going a roll maneuver while flying at 24 m/s with a
commanded lift coefficient on the active camber surface
of cl = 1.0.

Note also that the material properties for both the
skin and the compliant core (comprising the bending
beam spine and stringers) have been prescribed in this
study. While material choice is a meaningful variable to
consider for a design optimization routine such as this,
it can be problematic to implement due to constraints
that are difficult to quantify: things such as manufac-
turability, stress/strain limits, and fatigue. It is hard to
obtain realistic numbers for these parameters as they

Table 1. Prescribed parameters for this study.

Parameter Value

Baseline airfoil NACA 0012
Chord (c) 305 mm
Span (b) 150 mm
Mach number (M) 0.07
Free stream velocity (VN) 24 m/s
Angle of attack (a) 5�
Operating lift coefficient (cl) 1.0
Skin elastic modulus (Esk) 3.18 MPa
Skin density (rsk) 1020 kg/m3

Spine elastic modulus (Eb) 2.14 GPa
Spine density (rb) 1300 kg/m3

Stringer elastic modulus (Est) 2.14 GPa
Stringer density (rst) 1300 kg/m3

812 Journal of Intelligent Material Systems and Structures 27(6)

 at Swansea University on April 4, 2016jim.sagepub.comDownloaded from 

http://jim.sagepub.com/


are sensitive to detailed aspects of the design.
Therefore, for this initial study, two materials were
chosen which have been used in previous work on the
FishBAC concept. Previous demonstrators built with
the carbon fiber–reinforced silicone EMC and the 3D
printed acrylonitrile butadiene styrene (ABS) plastic
specified here has shown them to be useful materials
for the types of engineering prototypes under consider-
ation (Woods et al., 2014), and their properties and
manufacturing constraints are well understood.
Furthermore, the stress versus strain behavior of the
silicone elastomer used can be fairly well approximated
with by a linear modulus over the range of strains seen
here (\15%). Transitioning to detailed developmental
models and flight test articles would most likely require
a reconsideration of the material choices and a corre-
sponding re-optimization of the structural geometry. It
is expected though that the underlying mechanics of
the morphing concept and the optimization code pre-
sented here would remain similar, although higher fide-
lity structural and aerodynamic models may be desired
at that stage.

Objective functions

The three objective functions that are optimized con-
currently in this analysis are section drag coefficient,
FishBAC morphing section mass, and energy required
to overcome the aerodynamic and structural stiffness.
The derivation of these three quantities will be shown,
and their importance to the active camber design prob-
lem will be discussed.

The first objective function, J1, is chosen from the
desire to maximize the lift-to-drag ratio of the airfoil
shape at the design condition. Since the chosen optimi-
zation algorithm works by minimizing the objective
functions, the lift–drag ratio can be maximized by mini-
mizing its inverse, as shown in equation (2).
Furthermore, since the lift coefficient in this study is
prescribed as cl = 1, J1 reduces to the section drag
coefficient, cd

J1 =
1

cl=cd

=
cd

cl

!cl = 1
J1 = cd ð2Þ

The section drag coefficient is a simple objective
value to obtain as it is immediately available from the
output of the XFOIL aerodynamic code used within
the FSI analysis. Since improved lift-to-drag ratio
through reduced drag (compared to trailing edge flaps)
is the main motivation for considering morphing cam-
ber concepts in general and the FishBAC in particular,
understanding the interplay between this and the other
objectives is important.

The mass of the morphing structure is also a very
important metric for system-level comparison of
flapped and morphing solutions. In order to be

successful, the weight added by a morphing solution
(relative to a flapped solution) must not be so large as
to outweigh the benefits of the improved aerodynamic
performance. This concern is common to all morphing
concepts, and a number of authors have investigated
the inclusion of reasonable estimates (Previtali et al.,
2013; Skillen and Crossley, 2006; Yurkovich, 1995;
Zink et al., 1999). To address this issue in this work, a
mass estimation for the major components of the
FishBAC structure is used as the second objective func-
tion, J2, minimized by the optimizer. At the start of
analysis for each individual configuration generated by
the GA, the masses of the bending beam spine, mb,
stringers, mst, and skin, msk, are calculated from derived
cross-sectional areas, and the prescribed span and
material densities are outlined in Table 1. Additionally,
provisions for skin bonding are included in the mass
estimate. Specifically, the small skin bonding flanges at
the top and bottom of the stringers (as visible in
Figure 1) and the additional length of skin required
past the extents of the morphing section for bonding to
the host structure are included. These components
make up the total mass, mtot, as defined in equation (3)

J2 =mb +mst +msk =mtot ð3Þ

It is important to note that this mass metric does
not include the mass of the non-morphing portion of
the airfoil. This was done to avoid making the results
of this analysis overly specific. Estimating the mass of
the non-morphing portion of the airfoil is a complex
problem that is highly sensitive to the specifics of a
given design, including aspects such as aircraft type,
size, weight, flight speed, design load factors, and mate-
rial choice, among others. While some empirical sizing
formulas are available (Raymer, 2006), these are hard
to find with the required level of detail (particularly
with respect to the chordwise distribution of mass) and
are highly dependent on all the design specifics, as pre-
viously stated. Furthermore, such empirical weight esti-
mates would be for non-morphing airfoils, and
therefore of dubious use given the impact the morphing
section is likely to have on the distribution of stiffness
and strength and of the need for additional structure at
interfaces between morphing and non-morphing
regions. Therefore, this analysis considers the added
mass of the FishBAC itself, since it can be approxi-
mated well to the first order and since it should ideally
be minimized.

The third objective for the FishBAC optimization is
actuation energy. The total actuation energy, Etot, cal-
culated in this analysis is a combination of the energy
spent overcoming the aerodynamic pressure loading
during morphing and the elastic strain energy in the
compliant structure. This term is found by integrating
the tendon moment applied to the trailing edge over the
range of spooling pulley rotation angles (dF) required
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to achieve the design lift coefficient, cl,des, as shown in
equation (4)

J3 =

ðdcl, des

0

T∂dF =Etot ð4Þ

The total actuation energy is shown schematically in
Figure 6, where the increasing tendon moment with
rotation can be seen, up until the point where the design
lift coefficient is reached. Note that the integration is
performed with dF in radians, and tendon moment is in
newton meters.

Together, these three objective functions provide the
parameters needed to build an understanding of the
impact that the morphing camber airfoil will have on
the overall vehicle performance. They quantify the
main benefit of the approach, drag reduction, while
estimating to a first order the major costs: weight and
energy. Of course assessing overall vehicle performance
requires careful system-level analysis, including factors
such as actuator sizing, fuel burn savings from reduced
drag, and mission profile analysis to identify sensitivity
of the benefits to different types of missions with differ-
ing amounts of cruise, loiter, maneuver, and so on.
Furthermore, a conventional flap system needs to be
analyzed in parallel to establish the relative improve-
ment that morphing may allow. This is clearly a signifi-
cant effort that is outside of the scope of this work, but
which will rely heavily on the design optimization rou-
tine developed here. Therefore, while the results pre-
sented below are interesting in their own right,
providing insight into the design space available to the
FishBAC concept, they are presented with an eye
toward future use of the code in system-level analyses.

Variable bounds and constraints

The upper and lower bounds of the optimization vari-
ables were set primarily by practical physical limita-
tions of the current scale of airfoil being considered,
but these bounds were intentionally set fairly wide so

as to not unduly limit the optimizer or exclude non-
obvious solutions.

For the example results shown below, a minimally
invasive version of the FishBAC which is limited to
being within the rearmost 25% of the airfoil was inves-
tigated. Previous work has also looked at FishBAC
geometries intended for rotary wing applications which
have encompassed up to 65% of the chord (Woods et
al., 2014), but for the fixed-wing UAV application con-
sidered here, a smaller chord length morphing section
is more amenable to integration within current wing
design configurations. The lower bound for the non-
dimensional chordwise location of the start of the
morphing section, xle, was therefore set to 0.75 (that is
75% of chord), and the upper bound was set to 0.9.
The position of the end of the morph, xte, was then
allowed to vary between 0.80 and 0.95. Additionally, a
constraint was included in the optimization to ensure
that at least 5% of the chord was available for
morphing

xte � xle � 0:05 ð5Þ

The end position xte is limited to a maximum of 0.95
because of a lack of thickness at the trailing edge. The
antagonistic tendon drive system creates bending
moments through tension forces acting at a moment
arm from the neutral axis, and at the trailing edge there
is very little airfoil thickness, and therefore very little
moment arm available. Even ignoring practical consid-
erations such as the need for enough space to anchor
the tendons, the forces required to generate even a
modest moment with such a small moment arm quickly
become prohibitive. There is therefore a rigid portion
of trailing edge with a length of at least 5% chord in all
cases. The bounds for the other variables are presented
in Table 2 and are generally chosen to be reasonable
for the given scale of morphing airfoil considered and
the materials and construction methods which would
be used.

As an additional constraint, the maximum negative
skin strain induced due to deformation was checked
against the applied pre-strain (which is 9% in this
study) to make sure that the net strain in the skin was
not less than 0, which would have led to lower surface
skin buckling between stringers.

Out-of-plane deflection constraint

In this analysis, a constraint was included to ensure
that the out-of-plane deflections arising from the aero-
dynamic pressure loading on the skin surface were rea-
sonable. This is required to keep the optimizer from
creating overly thin skins in an attempt to reduce mass
and actuation energy. The procedure for calculating
out-of-plane displacement will be presented, followed
by discussion of the threshold chosen for this study.

Figure 6. Graphical representation of actuation energy.
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The FishBAC skin is treated as a tensioned mem-
brane under distributed pressure loading with linear
material elasticity. The tension in the membrane due to
the combined effects of initial pre-strain and bending
strains due to the camber morphing is calculated for the
worst case on both the upper and lower skins. The
upper skin experiences an increase in membrane tension
with morphing (assuming downward motion and
increasing lift), while the lower skin tension decreases
with increasingly positive camber. Additionally, the
unsupported length of the skin between each adjacent
pair of stringers increases on the upper surface but
decreases on the lower surface. The inside of the airfoil
is assumed to be at atmospheric pressure, which affects
the net pressure acting on the lower and upper skins.

In order to reduce computation time, the full distri-
bution of out-of-plane displacement along the chord
for the upper and lower skins is not determined, instead
the worst-case situation for both sides is determined
and only those two deflections are solved for. For the
upper skin surface, the worst case is the maximum pres-
sure felt along the morphing section applied to the skin
section with the lowest amount of tension. While in
actuality the highest pressure on the upper skin rarely
occurs at the point of minimum tension, this approach
creates a conservative estimate of upper skin deflection
with only a single calculation per individual. In the case
of the lower skin, the highest magnitude pressure usu-
ally does occur at the point of lowest membrane ten-
sion (on the skin section nearest the leading edge) since
the bending-induced compressive strains which reduce
skin tension are largest at this point. In both cases, the
calculation proceeds as follows. First, the maximum
magnitudes of net pressure (surface pressure minus
atmospheric pressure, patm) acting on the upper and
lower skin surfaces are found. In the case of the upper
skin, the net pressure is negative and deforms the skin
outward, whereas on the lower skin the net pressure is
positive and deforms the skin inward. For this analysis,
the direction of deflection is not considered, only its
magnitude, hence the absolute value symbol in equa-
tion (6)

pmax = max p(x)� patmj jð Þ ð6Þ

The distribution of camber bending–induced strain
along the chord for both the upper and lower skins is
then calculated using EB theory

eb =
Mbys

EI
ð7Þ

with the bending moment, Mb, the flexural rigidity, EI,
and distance of the skin from the neutral axis, ys,
already known for each individual from the results of
the FSI analysis presented above. In addition to the
bending strain, there is an initial pre-strain, ep, present
when the skin is bonded to the core to increase out-of-
plane stiffness as discussed previously. For this study,
this pre-strain is fixed at 9%

ep = 0:09 ð8Þ

While pre-strain would be an interesting variable to
add to the optimization, the impact of high levels of
pre-strain cannot be properly accounted for in the pres-
ent linear model. Therefore, 9% was chosen as a repre-
sentative value; previous work has shown pre-strains
on this order to provide most of the benefits achievable
from tension affects while still being in the fairly linear
range of elastomer behavior.

The total skin strain is then found by adding the
minimum bending-induced strain to the pre-strain

etot = ep + eb ð9Þ

The length of the unsupported skin between strin-
gers, lsu, is then found from the design variables and
bending strain according to

lsu =
(xte � xle)(1+ eb)c� tstNs

Ns

ð10Þ

The axial stiffness, ka, and the tension in the skin, Te,
due to the total strain are then found from

ka =
Estsb

lsu

ð11Þ

Te = ka(lsuetot) ð12Þ

The distribution of out-of-plane displacement for a
single skin panel under pressure loading can then be

Table 2. Design variable bounds.

Design variable Symbol Lower bound Upper bound Units

Skin thickness tsk 1 4 mm
Spine thickness tb 1 5 mm
Stringer thickness tst 0.5 3 mm
No. of stringers Ns 4 16 –
Start of morph xle 0.75 0.90 –
End of morph xte 0.8 0.95 –
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found from the analytical equation for the out-of-plane
displacement distribution, w(x), of a tensioned
membrane

w(x)=
C1

a
e�

ffiffiffi
a
p

x +
C2

a
e
ffiffiffi
a
p

x +C3x+C4 � pmax

x2

2Te

ð13Þ

where the coefficients C1–C4 are

C1 = pmax

e
ffiffiffi
a
p

lsu � 1

Te(e
ffiffiffi
a
p

lsu � e�
ffiffiffi
a
p

lsu)
ð14Þ

C2 = pmax

1� e�
ffiffiffi
a
p

lsu

Te(e
ffiffiffi
a
p

lsu � e�
ffiffiffi
a
p

lsu)
ð15Þ

C3 = pmax

lsu

2Te
ð16Þ

C4 = � pmax

1

Tea
ð17Þ

with

a=
Te

EskIsk

ð18Þ

and the second moment of area of the skin sheet, Isk,
found from

Isk =
1

12
bt3

sk ð19Þ

Once the distribution of out-of-displacement over
the worst-case skin panel for both the upper and lower
skins is calculated, the overall maximum magnitude of
displacement on both skins is found and checked to
make sure that it is less than the prescribed threshold.
If the threshold is exceeded, then arbitrarily large val-
ues of the objective functions are assigned to the indi-
vidual, ensuring its removal from the optimizer at the
end of the generation.

For this analysis, the maximum displacement thresh-
old was set to 1 mm, which at 0.33% of the chosen
chord length is fairly small. This value is nominal and

meant to be representative; future work will look more
closely into the impact of surface deformations on per-
formance using high-fidelity computational fluid
dynamics (CFD) and wind tunnel tests to allow for
more precise constraints to be set.

Results and discussion

In this section, we will investigate the results generated
by running the optimization design routine for the par-
ticular operating point mentioned above. Given that
three different objective functions were used, the set of
optimal geometries will fill a three-dimensional objec-
tive space. Therefore, a Pareto surface describes the
non-dominated, Pareto-optimal solutions. Solutions of
this nature can be difficult to visualize with two-
dimensional figures, so two different methods of plot-
ting will be used here to try and show the landscape of
the optimal solutions.

First, will we consider a series of three projections of
the three-dimensional objective space onto two-
dimensional planes by plotting only two objectives at a
time. For each pair of objectives, we will recalculate a
two-dimensional Pareto frontier. These results are
shown in Figures 7 to 9, where the Pareto frontier of
non-dominated solutions appears as a black line. Also
shown as gray circles are the scores recorded for all
1000 members of the population of every third genera-
tion of evolution, thereby representing one-third of all
the individuals evaluated during the analysis. Showing
a portion of the entire population in addition to the
Pareto-optimal individuals provides some unique
insights, as will be discussed below.

In Figure 7, we can see the added mass of the
FishBAC plotted against the drag coefficient obtained
when operating at the design lift coefficient (cl = 1.0).
It is clear that these two objectives are in direct compe-
tition, as lowering drag comes at the expense of adding
mass and vice versa. It is useful to note that the range
of masses obtained is significantly wider than the range
of drag coefficients, indicating that while there is no

Figure 8. Pareto frontier for mass and actuation energy.

Figure 7. Pareto frontier for drag coefficient and mass.
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single distinct point on the frontier that is obviously
the best overall design, it is likely that any design cho-
sen will tend to come from the right-hand side of the
frontier, as the significant savings in mass will likely be
worth the modest increases in drag. This situation
directly highlights the need for system-level analysis
such that the combined, total impact of these changing
component-level objectives on the higher system-level
objectives (such as aircraft emissions or range) can be
fully understood. As mentioned previously, the purpose
of this design optimization code is to provide first-
order realistic numbers for such a system-level analysis.

There are several other interesting trends to notice in
the results from Figure 7. First, we see that the drag
coefficients predicted are generally fairly low. Indeed,
given that cl = 1.0, the predicted two-dimensional lift-
to-drag ratios are on the order of 80. Also, from con-
sideration of the distribution of scores from the non-
optimal members of the population, it would appear
that the optimizer has some difficulty in finding solu-
tions with particularly low drag coefficients. The den-
sity of individuals on the Pareto frontier is much higher
for drag values above cd = 0.01225. This would seem
to indicate that special combinations of values in the
parameter space (that is specific geometry configura-
tions) are required to achieve lower values of drag, and
that the aerodynamics are sensitive to the precise
deformed shape. As noted above, however, the total
range of drag coefficients is fairly small, with only
3.7% difference in drag coefficient at the two ends of
the Pareto frontier. By way of comparison, there is a
125% difference in mass at the two ends of the frontier.
It can therefore be said that while the optimizer is less
able to fully populate the frontier with respect to drag,
the impact of this on the actual performance of the
design is likely to be minor, given the small variances in
drag.

The results when only the added mass and actuation
energy are considered are shown in Figure 8. Here, we
see a better populated frontier, and a fully explored
objective space, with again strong competition between
the objectives. It is clear that the optimizer is better able

to handle these two objectives. This is likely due to the
much more linear nature of the calculation of mass and
energy (which is essentially stiffness) compared to the
calculation of drag, which is beholden to a number of
non-linear effects due to the way in which viscosity and
flow separation are modeled in XFOIL. Large magni-
tude ranges are seen for both the mass and the energy,
indicating again that the overall optimal design point
will require system-level analysis to determine.

Finally, Figure 9 shows the results from considering
drag coefficient and actuation energy. Here again, we
see similar behavior with the drag coefficient as was
noted with Figure 7, with few members of the popula-
tion being able to achieve low drag. Another aspect of
the FishBAC which is visible here is that there is, gener-
ally speaking, a correlation between geometries which
give low drag and those which give low energy require-
ments, as indicated by the general shape of the cloud of
scores and the scarcity of solutions which have low drag
but high energy. This is due to the preference from a
drag standpoint of having longer portions of the chord
be morphing (since this provides a more gradual change
in camber) and the concurrent effect of increasing
length also reducing bending stiffness, which directly
results in lower energy requirements.

Another way to visualize the full three-dimensional
Pareto surface is with the scatter plot shown in Figure
10. This plot is similar to Figure 8 except that all the
points on the Pareto surface have been plotted and
colored according to their corresponding value of drag
coefficient, with darker colors having lower drag. If
considered as variations in height above the page, these
color differences allow for some level of visualization
of the three-dimensional surface, although the number
of points available is perhaps lower than desired. When
seen in this manner, it becomes clear that the three-
dimensional surface does not form a single corner,
instead the lower drag solutions are offset significantly
from the low energy and mass solutions. Furthermore,
it can be seen that it is difficult to achieve low mass and
low drag concurrently.

Figure 10. Scatter plot of Pareto surface; darker dots have
lower values of drag coefficient.

Figure 9. Pareto frontier for drag and actuation energy.
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Given the somewhat limited run of 30 generations
and the low proportion of individuals on the Pareto
surface, it is likely that further evolution of the popula-
tion would lead to some change in the location and
population density of the frontiers. The results should
therefore be seen as preliminary. They serve as a good
basis for initial work into a system-level analysis, while
work continues in parallel to improve the performance
of the optimization routine.

Conclusion

This work has presented a design optimization routine
which wraps a multi-objective GA-based optimization
around an FSI analysis of the FishBAC morphing air-
foil concept. An overview of the structural and aerody-
namic modeling methods has been given, along with
detailed discussion of the optimization method and
parameters. With a view to the ongoing development of
a system-level analysis of this morphing concept, this
code allows for examination and quantification of the
interplay between three critical aspects of the FishBAC
compliant morphing airfoil, namely, drag, mass, and
actuation energy. Initial runs of the design routine for a
representative UAV flight condition show a strong
competition between the objectives of mass and energy
required to morph. The results shown are preliminary
and do not necessarily show fully converged solutions,
but they do establish general design trends. Drag coeffi-
cient was found to be the least sensitive parameter (both
with respect to mass and energy), with only slight varia-
tions occurring across the extents of the Pareto frontier
whereas both added mass and actuation energy varied
significantly.
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