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ABSTRACT: In this work, a two-stage design optimization procedure is developed to explore
the effect of optimal actuator placement and position on energy efficiency in morphing wings.
Diamond-shaped cells similar to NextGen’s Batwing concept are used to examine this
procedure. The finite element model considers elastic skin, actuator, and aerodynamic loads.
Force displacement and efficiency studies are conducted using one and two unit cells,
respectively. The model is then expanded to include multiple unit cells and actuators. A two-
stage optimization process using a Genetic Algorithm and gradient-based optimization is also
developed. The two-stage optimization is used to optimize actuator position and placement
for different constraints and load cases. Results show that placement and position
optimization produce small gains in energy efficiency; morphing using a soft isotropic skin
is more efficient than stiff isotropic or anisotropic skins. In addition, the GA did not use all of
the available actuators to maximize energy efficiency. The total actuator mass is also
considered and is dependent on the maximum applied force per actuator and the number of

actuators in the mechanism.
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INTRODUCTION

A morphing aircraft can be defined as an aircraft that
changes its configuration to maximize its perfor-
mance at different flight conditions. Aircraft morphing
can occur by changing the configuration of different
components of the aircraft, such as the fuselage, wing,
engine, and tail (Jha and Kudva, 2004). An early
example of wing shape change occurred when the
Wright brothers used wing warping to control steering
by bending the wing tips of the Wright B flyer.
As aircraft flight evolved, and the speed of the aircraft
increased, wing warping was replaced with an aileron
system because the power requirements exceeded
actuator capabilities and roll control devices based on
wing warping had low loadability (Sanders et al., 2003;
Campanile, 2006). Other examples of wing morphing are
variable camber, variable span, variable incidence, and
variable sweep wing (swing wing).
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Current research initiatives are focused on large area
changes to improve efficiency and control in different
missions. The Defense Advanced Research Projects
Agency (DARPA) has targeted three designs that
demonstrate large area wing morphing by 150% or
more: Lockheed Martin is exploring a rotating and
folding wing; NextGen has developed a ‘batwing’
(Figure 1) concept with a large change in sweep and
span; Raytheon is designing a wing that telescopes out
of the fuselage. The Batwing concept is used as an
example in this article to study effects of actuator
placement and position on energy efficiency.

Some morphing wings use one large actuator that
transmits force from a central location, which can add
more material and weight to the aircraft. In addition,
performance requirements may call for a large actuator
that may not fit volumetrically inside the wing. As a
result, optimally placed distributed actuators may be
desired in order to decrease aircraft weight, decrease
power requirements, and achieve morphing goals.
Several examples of the optimal placement of actuators
within structures and mechanisms appear in the
literature. Li et al. (2001) optimized the size and location
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Figure 1. NextGen Aeronautics Batwing concept (Marks, 2003).

of active material and the topology of the mechanical
portion of flextensional actuators. A flextensional
actuator can be defined as a piezoceramic (or a stack
of piezoceramics) connected to a flexible mechanical
structure that converts and amplifies the output
displacement of the piezoceramic (Silva et al., 2000).
Adali et al. (2000) used optimal actuator placement to
minimize deflection of a laminated beam with unknown
loading. The uncertainties associated with the unknown
loading conditions lead to an anti-optimization pro-
blem, which is coupled to the optimal actuator place-
ment problem via the design parameters and loading.

The previous examples describe the optimal placement
of actuators using various optimization techniques.
Examples of optimal actuator placement using the
genetic algorithm (GA) are as follows: Simpson and
Hansen (1996) used GA to optimally place actuators for
noise reduction. The article shows how GA can be used to
optimize actuator placement in situations where no direct
analytical method is available for determining optimal
actuator location configurations. Zhang et al. (2000) used
a GA technique to optimally place piezoelectric actuators
and sensors bonded with flexible smart structures. In this
case, the location of the active elements is optimized to
determine actuator and sensor placement and feedback
gains. Han and Lee (1999) used GA to optimally place
piezoelectric actuators and sensors on a composite plate
for noise control. Sadri et al. (1999) used GA to optimally
place piezoelectric actuators on isotropic plates
to significantly improve vibration suppression. Bharti
and Frecker (2003) developed an actuator placement
method for compliant mechanisms using gradient-based
optimization. The solutions with multiple actuators were
shown to perform better than comparable single-actuator
designs, but were complex and perhaps difficult to
manufacture. Yan and Yam (2002) developed a metho-
dology to determine the optimal number and locations
of piezoelectric ceramic stack actuators for active
vibration control of a space truss structure. The location
optimization was conducted using GA. Ramrkahyani
etal. (2005) and Bharti et al. (2005, 2006) used the parallel
GA to optimize the location of truss member and cable
actuators for morphing an aircraft structure. A ground
structure approach was used and each member in the
ground structure had four possibilities: (1) a truss
member, (2) a cable that morphs the structure into a
required shape, (3) a cable that is antagonistic and brings
it back to the original shape, and (4) a void, i.e., the
member does not exist in the structure.

Y

L.

Analytical model

NextGen Batwing model

Figure 2. NextGen Aeronautics Batwing concept and six unit cell
scissor linkage model with distributed actuators — undeformed
(solid) and deformed (dashed) shape (NextGen, 2008).

This article explores the effects of optimal actuator
placement and position on energy efficiency using a
scissor mechanism similar to the NextGen Aeronautics
Batwing design. The Batwing performs large area shape
change by changing the wing sweep and span length.
The aircraft uses a mechanism, powered by distributed
hydraulic actuators, that moves with a scissor-like
motion to morph the wing (Figure 2). The objective
of this work is to investigate the arrangement of
distributed actuation by optimizing actuator placement
and position within each unit cell of the mechanism.
The nonlinear finite element analysis approach is used
to calculate the mechanism displacement and required
actuator force. A two-stage optimization algorithm
using a GA and MATLAB’s FMINCON is used to
conduct placement and position optimization. Several
analyses are conducted to determine the effect of optimal
actuator placement and position on energy efficiency and
the need for placement and position optimization.

PROBLEM FORMULATION
Unit Cell

The scissor-linkage design is composed of diamond-
shaped four-bar linkages called unit cells. The unit cells
are joined to enable planar rotation of the wing in the
clockwise and counterclockwise directions. A model
of the scissors linkage with six unit cells is shown in
Figure 3 where the X-axis is in the span-wise direction of
the undeformed configuration. The green elements are
the links of the mechanism, the red elements are the
actuators, and the springs model the stiffness of the skin.
The two-cell model on the right in Figure 3 illustrates
the rigid connection between some of the links of the
unit cells in the six-cell model. For example, elements 1
and 2 are constrained to have the same x, y, and
6 displacements at node A. However, the rotational
degree of freedom (dof) of element 5 is unconstrained at
node A, i.e., element 5 can rotate relative to elements 1
and 2 at node A. Similarly, elements 3 and 4 are
constrained to have the same x, y, and 6 displacements,
while element 6 can rotate relative to elements 2 and 4.
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Figure 3. Six unit cell scissor linkage model (undeformed) with axis
system.
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Figure 4. Unit cell geometry.

Table 1. Unit cell properties.

Material Steel
Modulus (N/m?) 1% 10°
Unit side length (m) 0.254
Actuator type Pneumatic
Actuator extended length (m) 0.254

The finite element model of one unit cell is shown in
Figure 4. The unit cell is oriented in the x—y coordinate
system and it is shown in its initial position. The coor-
dinate system is rotated 30° clockwise from the X-axis.
The links (elements 1-6) of the unit cell are modeled as
frame elements (3 dof per node) that are connected by pin
joints. Geometric and material properties of the unit
cell and actuator are shown in Table 1. Each unit cell has
four sides and a side may be composed of one or more
elements. The total length of each side of the unit cell is
0.254m. When the unit cell is in its initial position
(as shown in Figure 4), the actuator is in an open stoke
position and the overall actuator length is 0.254 m.

In Figure 4, nodes 1 and 6 are connected to ground by
pin joints. The loads F,, and F,,, located at nodes 3 and
5, model the aerodynamic loads on the wing and act in
the negative y and positive x direction, respectively.
They are assumed to be constant in this analysis.
The actuator is connected to nodes 2 and 4. The
position of the actuator within the unit cell is defined by
a vector of magnitude . Quantity ¥ ranges between 0%
and 100%. When v is 0%, node 4 is coincident with
node 3, and when ¥ is 100%, node 4 is coincident

with node 5. Quantity z; represents the magnitude of the
actuator length. Quantity 6, defines the initial half
angle of the left corner of the unit cell. As the actuator is
rotated within the unit cell, the magnitude of the
actuator is fixed. The kinematics model was originally
developed by Joo et al. (2006).

Efficiency

The goal of this work is to study the effect of optimal
actuator placement and position on energy efficiency.
In the literature, it is seen that energy efficiency is
a common objective function in mechanism design
(Hetrick and Kota, 1999; Prechtl and Hall, 1999;
Prock et al., 2002; Johnson and Frecker, 2004; Abdalla
et al., 2005; Joo et al., 2006). When energy efficiency is
maximized, it indicates that output energy is maximized
and input energy is minimized. A reduction in input
energy may result in a reduction in the number of
actuators in the wing, which would reduce the power
required by the on board power supply, fuel consump-
tion, and weight. Energy efficiency 5 is defined as the
ratio of output energy to input energy (Equation (1)).

] l out
= 1

In this work, output energy, Wy, is defined as the work
done by the mechanism against the aerodynamic loads
(Equation (2)). The quantity X, is the x component
of displacement of the output point and it is directed
opposite of F,.. The quantity Y., is the y component
of displacement of the output and it is directed opposite
of F.y. The input work W, is defined as the work
done by an actuator on a unit cell (Equation (3)).
The quantity Fa. represents the input force exerted on a
unit cell by an actuator. The quantity A is the axial
displacement of the actuator in the unit cell.

Wou = _<Z Fox Xow + Z Fey Yout) (2)

I/Vin = X:FActA (3)

OPTIMIZATION

A two-stage optimization scheme is developed
to maximize energy efficiency (Figure 5). In Stage 1,
a GA is developed to conduct placement optimization of
the actuators within the scissors mechanism. In Stage 2,
MATLAB’s FMINCON is used to conduct position
optimization for each actuator within a unit cell. In both
optimization schemes, the objective is to maximize
energy efficiency. Actuator placement is defined as
the existence of the actuators within the multiple unit
cell model. Actuators can be placed in one or more

Downloaded from jim.sagepub.com at PENNSYLVANIA STATE UNIV on September 12, 2016


http://jim.sagepub.com/

818 T. JOHNSON ET AL.

Start

GA: actuator

placement

Gradient-
based:
actuator
position

}

End

Figure 5. Two-stage optimization procedure.

unit cells in the six unit cell model. Actuator position
is defined as the orientation of an actuator within
a single unit cell.

Stage 1: Placement Optimization

In Stage 1, the GA maximizes efficiency (1) by
optimizing actuator placement, or existence within
each cell (Equation (4)). The optimization is subject to
constraints on the output displacement of the mechanism
(Ay) and the number of actuators allowed in the mecha-
nism (N,.). The design variables in the optimization
represent actuator existence within each cell, which can
have a value of 0 or 1.

—(Z FoxXou + Y Fey Youl)
> FacA
s.t. 4)
You = Ay
Nact < Nactu

max 1 =

To be more specific, the scissor mechanism is modeled
initially as if there is one actuator in each cell. The
design variable, actuator existence, determines which
cell(s) require actuation to maximize efficiency. A value
of 0 denotes that an actuator is not active and it does not
apply a force on the scissor mechanism, and a value of 1
denotes that the actuator is active and it exerts a force
on the mechanism.

The GA is ideal for the actuator placement optimiza-
tion because of its ability to handle the discrete (0-1)
problem. In the optimization, the GA finds the best

(fittest) solution to a problem based on genetic reproduc-
tion processes and ‘survival of the fittest’ strategies. The
reader may refer to Onwubolu and Babu (2004) for a
detailed explanation of the GA. In this work, each new
population is developed by crossover, mutation, and
elitism. Crossover and mutation are governed by a
crossover and mutation percentage, respectively, that
tells GA the maximum percentage of bits that may be
crossed over or mutated to create a new individual of the
population. The crossover percentage is set at 50% and
the mutation percentage is set at 40%.

Stage 2: Position Optimization

Once the actuator placement problem has been solved,
MATLAB’s FMINCON is used to maximize efficiency
(n) by optimizing actuator position (Equation (5)). The
optimization is subject to a constraint on the output
displacement of the mechanism (Ay) and the position of
an actuator within a unit cell ().

_(Z FexXout + Z Fey Yout)

max n = S FacA
s.t. ®)
Yout = Ay
0.1 <¢; <095

MATLAB’s FMINCON is a gradient-based solver that
can be used to solve a constrained minimization
problem. The positions of the actuators with the unit
cells are represented by continuous variables ;.

NONLINEAR ANALYSIS

Because the unit cells act almost like a mechanism,
the nodal displacements are large and nonlinear analysis
is required. Nonlinear finite element analysis is used to
calculate the nodal displacements of the scissor mechan-
ism and the actuator force. Joo et al. (2006) previously
considered a first-order (linear) elastic analysis of one,
two, and three unit cells. The current article incorporates
a second-order elastic analysis by taking into account
the affect of finite deformations and displacements of
the system in the equations of equilibrium. The non-
linear FEA used in this work follows the formulation
derived by Crisfield (1991) for corotational elements and
displacement control; the reader is referred to his work
for a detailed explanation. The links of the scissor
mechanism are modeled as corotational elements and
the orientation of the actuator force at each increment is
considered in the formulation.

In this work, the Newton—Raphson iterative technique
is combined with an incremental technique in order to
control the displacement of the output node (output) of
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Figure 6. Unit cell geometry w/spring.

the scissor mechanism. In the six unit cell case,
the maximum output displacement Ay is set to 533 mm
in order to attain a rotation of 30°-90° counter-
clockwise of the entire mechanism about the positive
z-axis (Figure 4).

RESULTS AND DISCUSSION

Several studies were conducted to show how optimal
actuator placement and position affects energy effici-
ency for one-, two-, and six-cell scissor mechanisms.
For one unit cell, a study is conducted to show
the effects of actuator force on output displacement
(Figure 6) using nonlinear analysis. In this case, the
actuator is located at v =53%, the unit cell has one
spring located in the y direction, and an aerodynamic
load of F,,=8N is located at output of the unit cell
(node 3, Figure 6) directed in the negative y direction.
The spring in the y direction is a simplified model of the
skin stiffness. The spring is put into tension as the cell
rotates counterclockwise. In this article, this scissor
mechanism is actuated to rotate only in the counter-
clockwise direction; analysis and efficiency optimization
for rotation in the clockwise direction is not considered.

The effect of varying spring stiffness can be observed
in Figure 7. Because the external aecrodynamic load is
present, the initial actuator force is nonzero. Figure 7
shows that for spring stiffness (k) values above 158 N/m,
the displacement of the output of the unit cell
increases with an increase actuator force, and the
force—displacement relationship is nonlinear. Since we
are using displacement control to drive the nonlinear
solver, the actuator force calculated using this technique
represents the force required to maintain static equili-
brium for a prescribed output displacement. Note that
the actuator force required to maintain equilibrium at
zero displacement is nonzero for all values of spring
stiffness due to the presence of the external aerodynamic
load. For values of k below 158 N/m, it can be observed

Actuator force vs displacement
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Figure 7. Actuator force vs output displacement (Y,,) for one
unit cell.
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Figure 8. Two unit cells.

that there is a negative stiffness effect, i.e., the applied
actuator force decreases in order to maintain equili-
brium. This is attributed to the orientation of the
unit cell and the external load as the unit cell rotates
counterclockwise.

In the two unit cell analysis, a study is conducted to
show the effect of actuator position on energy efficiency
(n). There are two actuators and they are assumed to
have the same position in this study. Each cell contains
two linear elastic springs that have a stiffness value
of 851 N/m (Figure 8). There are aerodynamic loads in
the x and yp direction and each actuator in the
mechanism has a constant force magnitude of
Fae=756N. Efficiency is calculated at actuator
positions in the range of v;=20-80%. This range is
selected because at positions 0-20% and 80-100%,
756 N of applied actuator force is not large enough
to cause the mechanism to rotate out of its initial
position and efficiency cannot be calculated in this
region. At v equal to 0 and 100%, the actuator is
collinear with the links of the unit cell, which is not a
physically practical solution. The spring stiffness and
actuator load values are based on experimental testing
of a similar mechanism conducted at the Air Force
Research Laboratory (Joo, 2006). Figure 9 shows a
comparison of mechanism efficiency and actuator
position for the two-cell case. The x-axis represents
actuator position .
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Efficiency vs actuator position
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Figure 9. Efficiency vs actuator position for two unit cells with
constant actuator force.
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Figure 10. Six-cell model with external loads.

Figure 9 shows that maximum energy efficiency is
attained when both actuators are positioned near the left
or right corners of their respective unit cells. It was
found that mechanisms with efficiency values between
50% and 90% have a lower output displacement than
mechanisms with efficiency between 40% and 50%. This
indicates that there is a trade-off between mechanism
output displacement and efficiency. Figure 9 also shows
a need to properly position the actuators within the
scissor mechanism in order to maximize efficiency. As a
result, the two-stage optimization algorithm was devel-
oped to conduct placement and position optimization on
the actuators in many unit cells. The two-cell model is
extended to six cells for this study.

In the six-cell model, each unit cell contains two springs
directed in the x and y directions (Figure 10) representing
the skin. The external acrodynamic loads are directed in
the positive x and negative y directions. A detailed table
of the magnitudes of the external aerodynamic loads
per node is shown in Table Al of the Appendix.'
Eight different load cases were developed for this study
(Table 2). Each load case is differentiated by its skin type
and load level. The two orthogonal springs shown in each
unit cell of Figure 10 represent average in-plane stiffness
values of a continuous isotropic and orthotropic skin.
Out-of-plane bending stiffness, Poisson’s ratio effects,
and in-plane shear deformation are not considered here

Table 2. Load cases.

Load case Load level Skin type

1 Low (5-22N) Isotropic, Soft

Ky, k,=122N/m
Isotropic, Stiff

Ky, k,=851N/m
Orthotropic, Soft x, Stiff y
ky=122N/m
k,=851N/m

Orthotropic, Soft y, Stiff x
ky=851N/m
ky,=122N/m

Isotropic, Soft

ky, k,=122N/m
Isotropic, Stiff

Ky, k,=851N/m
Orthotropic, Soft x, Stiff y
ky=122N/m
k,=851N/m

Orthotropic, Soft y, Stiff x
ks=851N/m
k,=122N/m

1a Low (5-22N)

1b Low (5-22N)

1c Low (5-22N)

2 High (45-89 N)
2a High (45-89 N)

2b High (45-89 N)

2c High (45-89 N)

in modeling the skin. In addition, the compatibility of
skin deformation with the substructure is neglected and
these effects may contribute significantly to in-plane
stiffness. Overall, four unique skin types and two unique
load levels were considered.

The two-stage optimization process was conducted
using an Intel Pentium 4 CPU 3.20 GHz, 1 GB of RAM.
For the six-cell problem, one optimization run of the
two-stage process requires ~20min to find a solution.
Several optimization runs, each with a different uniform
starting point, were performed for each load case. In
each run, a limit was put on the number of actuators
that could appear in the final solution (N, =6, 5, 4, 3,
2, 1). In all, 20 runs were performed per load case.

The effect of the number of actuators allowed in the
two-stage optimization on energy efficiency is shown in
Figure 11. In this study, the GA has a uniform starting
point of 1;=0.5 for each actuator position and the
optimization results are restricted to have Ny, =5, 4, 3,
2, or 1 actuators in the scissor mechanism. The results
for load case 1b are pictured in Figure 11, where the red
lines indicate the actuators in their optimized positions.
In these cases, the output displacement was prescribed
while the magnitude of input force provided by the
actuator was unlimited. It can be observed that limiting
the number of actuators does not greatly affect the
overall energy efficiency. It can also be observed that
the actuator positions tend toward one of the limits in
each case.

Results of a study on the effect of the stiffness of the
skin are shown in Figures 12 and 13. In this study, the
optimizer is constrained to use only one actuator out
of 6 (i.e., Ny = 1) to maximize energy efficiency using

'The applied load distribution is based on data obtained from NextGen Aeronautics.
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Figure 11. Optimization results for load case 1b.
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Figure 13. Total energy required (input energy) vs skin stiffness.

placement and position optimization. Results show that
morphing under high loads (as defined in Table 2) is
more efficient than morphing at low loads regardless
of the skin stiffness. Efficient morphing under high loads
is a consequence of having unlimited force input
capability to achieve the displacement constraint. If a
limit is placed on the actuator force, the mechanism may
rotate, but the output displacement constraint may not
be satisfied. It was also found that morphing under
high loads requires more input energy than morphing
under low loads (Figure 13). In this study, the most
efficient design is one with soft isotropic skin under
high or low air loads.

Average efficiency vs load case
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Figure 14. Average efficiency vs load case.

Figure 14 shows the average efficiency values per load
case for placement optimization alone and placement
followed by position optimization. The efficiency values
from placement optimization were averaged over skin
stiffness and compared to the average placement-position
optimized solutions. The positions of the actuators at the
starting point of position optimization were identical to
the position of the actuators using the placement-only
optimization. In both cases, the GA has a uniform
starting point of ¢, = 0.5 for each actuator position.

The results in Figure 14 show that in all load cases, a
2% gain at most, in average energy efficiency is achieved
by conducting position optimization after placement
optimization. As a result, it is concluded that the
coupled placement-position optimization of the actua-
tors may not be needed to the maximize energy
efficiency of the scissor mechanism for this problem.
It may be sufficient to simply optimize the actuator
placement. It was also found that the optimizer
generally positions the actuators in the 10 or 95%
positions to maximize efficiency, which is similar to the
results of two-cell study. Also, the placement optimiza-
tion does not always use the total number of actuators
available to maximize energy efficiency.

The previous results were obtained assuming that the
actuator could provide an unlimited amount of force.
The force required to meet the output displacement
constraint varies, and as a result the mass of the actuator
would also vary. Additional studies were conducted to
estimate the actuator mass for various solutions.
Marden and Allen (2002) showed that actuator force is
related to motor mass for motors that use force
production to accomplish steady translation motion
of a load by the equation force==887 x mass™®®’.
This relationship was used to estimate the total actuator
mass based on the number of actuators in the mechan-
ism and their maximum applied force (Figure 15).
The results show that, in all load cases, actuator mass
increases essentially monotonically with the required
maximum actuator force.

Figure 16 shows the effect that the number
of actuators in the mechanism has on the input
energy needed to satisfy the output displacement
constraint for load case la. A maximum actuator load
constraint is set at 1090 N per actuator; the displacement
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Figure 15. Actuator force vs mass.
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Figure 16. Input energy vs number of actuators.

constraint has not changed. Results show that for this
problem at least five actuators are needed to satisfy the
output displacement constraint. Once the output dis-
placement constraint is satisfied, the input energy is then
distributed among all available actuators.

Figure 17 shows the relationship between the total
mass of actuators versus the number of actuators in the
mechanism for the data in Figure 16. The load case and
constraints are the same as those used in Figure 16.
Results show that increasing the number of actuators in
the mechanism does not necessarily result in an increase
in total actuator mass. The mechanism with six
actuators applies a maximum load of 3322Nlbs
per actuator, while the solution with five actuators
applies 3976 N per actuator. As a result, each individual
actuator in the five-actuator case will be heavier than the
actuators in the six-actuator case.

CONCLUSIONS

In this article, a methodology has been developed
to study the effect of actuator placement and position
on morphing wing energy efficiency. In this case, the
methodology is used to study the effect of actuator
placement and position using a scissor linkage mechan-
ism similar to NextGen’s Batwing concept. However,
the methodology developed in this paper can also
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Figure 17. Total mass vs number of actuators.

be applied to morphing wings such as a telescoping
or folding wing. The methodology includes: (1) defining
a FEA model and analysis technique to solve the
system, (2) defining an objective function for optimiza-
tion, and (3) using a two-stage optimization procedure
to determine both actuator placement and position
within the system.

The results show that efficiency is dependent on
aerodynamic loading and skin stiffness, and it is not
greatly dependent on the number of actuators in the
mechanism, or placement, or position optimization.
Since efficiency is not greatly affected by the number of
actuators within the mechanism, distributed actuation is
a feasible solution for this mechanism. Results show that
morphing under high loads is more efficient than
morphing under low loads. This indicates
that morphing may be possible while the aircraft
undergoes different flight maneuvers. In addition,
using the force-mass relationship, it was shown
that total actuator mass increases with required max-
imum actuator force. This indicates that light-weight,
high-energy density actuators are needed for wing
morphing.

For future work, a study of energy efficiency
and total work required using a more sophisticated
model of the skin, e.g., a membrane-type element or a
nonlinear material model, may be conducted. Additional
objective functions such as actuator weight or axial stress
in the wunit cell should be considered. Finally,
the ‘unmorphing’ problem should also be considered,
as the aerodynamic loads will have a different effect
in this case.
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APPENDIX

Table A1. External aerodynamic loads.

Node Applied Node Applied
number load (N) number load (N)
2x 21.8 2x 88
2y -9.3 2y —57
3x 20.9 3x 85.8
3y —13.8 3y —67.2
4x 19.1 4x 81.4
4y —-17.8 4y —75.6
5x 16.9 5x 75.6
Sy —20.5 Sy —84.9
6x 12.9 6x 65
6y —22.2 6y —89
7X 4.4 7X 445
7y —-17.8 7y —81.4
10x 22.2 10x 89
10y -20 10y —83.2
17x 9.3 17x 57.4
17y —-49 17y —45
20x 14.2 20x 69
20y -5.3 20y —46.7
22x 20.9 22x 85.9
22y -13.8 22y —67.2
23x 16.9 23x 75.6
23y -17.8 23y —82.3
24x 16 24x 61.8
24y -5.3 24y —46.7
(Low loads) (High loads)
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