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Morphing aircraft aim to operate at optimum
performance over a wide range of flight conditions
through the use of systems to enable large-scale
shape-changes of the wing. The aerodynamics of
a variable-span wing are examined with a range of
simulations of varying fidelity (vortex-lattice, Eu-
ler CFD, and RANS) to determine the behaviour
of the forces and moments on the wing during mor-
phing. Of particular interest in this paper are axial
forces as these affect the sizing and power require-
ments of the actuation system. They are shown to
be generally small in comparison to lift and drag
forces, implying that high rates of actuation may
become possible. This leads to the possibility for
the use of variable span for roll-control through
asymmetric wing-span change. Unsteady simula-
tions are performed to identify some of the key be-
haviours of this dynamic situation, and a number of
dynamic phenomena are identified that do not exist
in the steady-state. This work uses the European
Commission FP7 CHANGE project wing, based on
the Tekever AR4 Mini-UAV, as its test case.

1 Introduction
Continuous demands to enhance flight performance and

control authority have focused the interest of aircraft de-
signers on span morphing. Wings with large spans have
good range and fuel efficiency, but lack manoeuvrability
and have relatively low cruise speeds. By contrast, aircraft
with low aspect ratio wings can fly faster and become more
manoeuvrable, but show poor aerodynamic efficiency [1]. A
variable span wing can potentially integrate the advantages
of both designs into a single aircraft, making this emerg-
ing technology especially attractive for military UAVs. In-
creasing the wingspan increases the aspect ratio and wing
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area, and decreases the spanwise lift distribution for the
same lift, thus decreasing the drag of the wing. Unfortu-
nately, the wing-root bending moment can increase con-
siderably due to the larger span. Thus the aerodynamic,
structural, aeroelastic, and control characteristics of the ve-
hicle should be investigated in the design of variable-span
morphing wings.

The majority of the research on morphing aircraft has fo-
cused on developing structural concepts, mechanisms, and
technologies that facilitate varying the wing geometry [2–4].
However, the impact of the severe and rapid changes in ge-
ometry as the wing morphs on the mass distribution, aero-
dynamics, control, and flight dynamics has been given only
minor attention.

Actuation system power requirements are directly re-
lated to the forces they are required to overcome during
the morph. In the case of a variable-span wing, the axial
force in the canonical y (spanwise) direction is of particular
interest. This force will be generated from a contribution
of a pressure force, due to the projected area in the x − z
plane moving into the flow, in addition to a viscous shear-
ing force from the motion of the upper and lower surfaces
of the wing in the spanwise direction.

This paper will focus on the impact of span morphing
on the airflow surrounding the wing. The wing platform
used in this paper is that of the European FP7 ‘combined
morphing assessment software using fight envelope data
and mission based morphing prototype wing development’
(CHANGE). The goal of the CHANGE project is to in-
corporate multiple morphing systems onto a single flying
demonstrator aircraft; span-morphing is one of the systems
to be incorporated. The mission profile for the CHANGE
vehicle involves, amongst other conditions, dash and loiter
phases. In the dash phase, the wing is at its smallest span,
whilst in the loiter condition the wing is at its largest.

An optimisation study [5] has been performed to deter-
mine the best aerodynamic wing-shape for each flight con-
dition, and the goal is to incorporate systems to morph
between these target shapes. These target shapes do not
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Figure 1: Morphing planform. The baseline planform is
shown with solid lines; dashed lines indicate the morphed
planform. There is no dihedral in either case.

consider the limitations of possible morphing systems, and
thus may involve more complex morphs than will be achiev-
able, incorporating changes in twist, camber, and span.

This paper is split into two halves: in the earlier part,
a morph of the wing will be considered that changes span
from the dash-case wingspan to the loiter-case wingspan.
However, it will be assumed that the changes in other
wing parameters have already been achieved prior to the
wingspan morph, in other words whilst the final shape will
be that of the loiter wing, the initial shape will be the same
as the loiter wing, but scaled in the y-direction to the size
of the dash wing. Thus the initial span is 1.5m, whilst the
final span of the wing has been stretched to 2.0m. The goal
of this part of the paper is to determine the axial forces dur-
ing spanwise extension in order to aid actuator sizing and
power requirements.

In the second half of this paper, the use of span-morphing
for roll-control will be examined. This part of the paper
will use the loiter wing as its baseline, and add additional
extension of the wing to effect a change in lift in order to
induce a roll of the aircraft. This is assumed to occur on
a single wing only; additional roll-power could be achieved
through differential actuation of the wings, but is not con-
sidered in this work. For this half of the paper, the goal is
to examine the dynamics of the system when the wing is
actuated at different rates.

2 Software Definition
Two methods for computation of aerdynamic forces and

moments are used in this paper. Athena Vortex Lattice
(AVL) is a vortex lattice code which can be solved rapidly
for forces and moments in steady flow. Aerofoil thickness
effects are ignored, so the wing is modelled based off of its
planform shape and a camber line. Vortex lattice methods
also do not account for the effects of viscosity or turbulence,
so drag prediction from the results only includes the lift-
induced drag component.

OpenFOAM is used to produce the high-fidelity results.
The simpleFoam solver is used for steady-state calculation,
whilst pimpleFoam and pimpleDyMFoam are used for un-
steady (time-accurate) aerodynamic calculation. In order
to simulate the change in shape of the wing, a dynamic
mesh motion solver is used to deform the mesh to the pre-
scribed shape. For this work, the wing-tip is considered to
be a rigid body and moves with a specified velocity, whilst
the rest of the wing stretches such that it remains station-
ary at the fuselage end, and attached to the wing-tip at the
other. Although the PIMPLE solver is used, only one outer
loop iteration is employed for this work, so that the solver
algorithm reduces to the well known PISO algorithm.

In the RANS simulations in this paper, closure is pro-
vided by the Spalart-Allmaras turbulence model, as imple-
mented in OpenFOAM. This model is known for providing
good stability and accuracy, despite its relatively simple
one-equation formulation. A freestream value of ν̃ = 5ν is
used, and since transition is not calculated, fully turbulent
results should be produced from the leading edge of the
wing.

Meshing is performed with snappyHexMesh which gen-
erates unstructured hexahedral meshes. Translation of the
internal field is governed by a specified moving boundary
which defines the velocity component at the wing tip. The
chosen mesh motion solver in OpenFOAM is the velocity-
Laplacian solver, which is based on Laplacian smoothing
with variable diffusivity on mesh points to improve mesh
quality close to the wing surface boundaries during motion.
An inverse quadratic diffusion-based method is selected due
to the improvements in overall mesh quality observed dur-
ing mesh motion [6], as highest diffusivity is obtained near
to the boundaries which helps preserve the shape and qual-
ity of the cells near these walls. Deformed and undeformed
wings are shown in Figure 2, in which the colourmap rep-
resents the y direction velocity of the cells on the wing
surface.

3 Steady-State Aerodynamics
Steady state performance is analysed, as it describes the

advantage that can be gained from morphing through com-
parison of the lift-to-drag ratio for morphed and unmor-
phed wings. Simulations are performed with the incom-
pressible assumption at an angle of attack of 2.85 degrees
nose-up from both AVL and OpenFOAM, as described in
Section 2. This angle is chosen to give the correct lift co-
efficient for the loiter case. For the RANS simulations per-
formed in OpenFOAM, a Reynolds number of 6.05× 105 is
used.

The steady-state performance of the wing in its two
states is shown in Table 1. A little care needs to be taken
with reference areas for morphing aircraft. The values in
Table 1 are normalised by the respective planform area of
the two wing shapes so that their efficiency can be directly
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Small span CL Small span CD Large span CL Large span CD
AVL 0.672 0.0290 0.730 0.0257

OpenFOAM 0.658 0.0446 0.711 0.0414

Table 1: Comparison of the performance of the wing between its small and large span configurations.

Figure 2: Undeformed (left) and deformed (right) wing sur-
faces. The colourmap on the deformed wing represents the
velocity of the surface in the y direction

compared. Note also that the results presented in Table 1
are produced at the same angle of attack; once the wing has
been extended, the vehicle will need to be retrimmed (not
considered in this paper as the full aircraft is not modelled)
to a lower angle of attack in order to maintain its total lift.
There will be additional drag associated with retrimming of
the vehicle. As the wing span increases, the lift of the main
wing increases causing the neutral point to shift forwards,
reducing static stability. This results in a larger elevator
deflection to trim the vehicle which will increase the trim
drag. On the other hand, the increase in wing span reduces
the influence of the wing downwash on the horizontal tail
causing it to see a higher effective angle of attack.

The match between AVL and OpenFOAM is within 3%
for lift values for both wings. Unsurprisingly, the CFD re-
sults (which include the effects of viscosity) indicate a drag
value that is considerably higher than the vortex lattice re-
sults, at a little over 50% for both wings. The L/D ratio
from both sets of results increases as the wing is extended
to higher aspect ratio. OpenFOAM shows a L/D increase
from 14.8 to 17.2 (an increase of 17%), whilst AVL shows a
change in L/D from 23.2 to 28.4 (an increase of 22%). Both

methods indicate that there is an advantage in morphing
from a short to a long span to increase aspect ratio, whilst
the CFD results show that this can overcome the increase
in skin-friction drag from the increase in wetted area.

4 Forces from Unsteady RANS
Simulation

The steady-state results shown in Section 3 showed how
a wing-span morph could provide an aerodynamic benefit.
However, steady-state examination of the forces does not
take into account transient phenomena as the wing changes
its shape during flight. Unsteady RANS simulation is used
in this section to provide insight into these forces. Of par-
ticular interest are the forces in the spanwise direction (re-
ferred to as axial forces here), as noted in Section 1. These
forces contribute to the power requirements and thus sizing
of the morphing system actuators.

The morph is performed over 0.8175s at a constant rate.
This is a reasonably high rate of actuation for a simple
morph aimed at improving vehicle performance in different
flight phases, rather than for roll control. This was chosen
as it serves as a conservative case for actuator sizing since
it can be reasonably expected that axial forces are larger
at higher actuation rates.

The resulting forces and moments are shown in Figure
3. Instead of non-dimensionalising the results to coefficient
form as is usual in aerodynamics, the raw forces and mo-
ments are shown from the half-model so as to avoid the dif-
ficult issue of the changing planform area during the morph.

Examining first the axial direction, an abrupt rise in force
occurs as soon as motion initiates, which climbs a small
amount during the morph, and then immediately drops to
below its initial value, before settling to close to the initial
value again after the period of approximately 0.2s. The
force remains positive throughout the entire morph, indi-
cating that the aerodynamic forces are actually aiding the
extension of the span, despite an unfavourable contribution
from viscous shear. However, the magnitude of the forces
never exceeds 1N, and so it appears that axial force is un-
likely to ever have a significant impact upon actuator sizing
or power requirements. It is expected that any friction in
sliding mechanisms, or energy required to strain compliant
materials, will be very significantly larger than this small
aerodynamic force. This favourable force can be explained
simply: as the wing morphs, it moves into the low-pressure
vortex just outboard of its tip. This low-pressure region
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Figure 3: Forces and moments on the wing during span extension

can be seen in Figure 4 (as can some separation from the
wingtip).

Lift generally increases throughout the morph. After the
morph stops at 0.8175s, there is a slight blip in lift force
before it continues to climb to its steady-state value over the
course of approximately 2s. Note that this settling period
is much longer than the total time it takes to perform the
morph.

Drag jumps to a higher value as soon as the morph be-
gins, and abruptly falls again once it has stopped. However,
like the lift force, it then continues to rise to its steady-state
value as the flow settles, during which the tip vortices and
boundary layers re-establish. Again, this appears to occur
over the period of 2s.

In terms of moments, rolling moment increases approx-
imately linearly over the morph and then settles over 2s.
In the case of this symmetric morph, this moment is can-
celled out by the other wing, and should be interpreted
as wing-root bending moment. Yawing moment is likewise
cancelled out by the opposing wing, but pitching moment,
shown in the centre-right graph, works additively on the

two wings. During the morph, its value remains relatively
constant. However, during the settling period, it continues
to decrease to its steady-state value, which is somewhat
larger in magnitude than before the morph.

From these results it may be concluded that this settling
period is as important as the transient during the morph
itself. The time scale of two seconds indicates that the
flow is relatively slow to adapt to changes in shape, which
suggests that either low rates of actuation may be desirable,
or a more careful study of the unsteady aerodynamics might
be necessary if higher actuation rates are desired.

5 Span Extension for Roll Control
In Section 4, it was shown that axial forces during a

morph are small in comparison to the lift and drag forces.
An actuator for span extension must then be sized primar-
ily for structural actuation forces rather than aerodynamic
forces. If these structural forces can be made small through
efficient mechanisms, then high actuation rates can be used.
This may open the possibility of using span extension for
roll control.
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Figure 4: Pressure colourmap and contours near the wing-
tip

Some similar work on this has been done in the past by
Beaverstock et al. [7], and Ajaj et al. [8]. Beaverstock et al.
present an initial investigation into some of the dynamic
effects introduced by using span morphing. This investi-
gation looks at the effect of applying span morphing to a
25kg UAV at its loiter condition (trimming at straight and
level, and coordinated turn). Analysis compared the effect
of using the rudder to trim laterally, to morphing the span
asymmetrically to provide moments to trim the UAV. In
the absence of ailerons, the rudder must be used to provide
the rolling and yawing moment required to trim for a co-
ordinated turn. The investigation then looks at the effect
of the unsteady inertial term in the equations of motion
on the dynamics of a rotating wing during span extension.
This showed that the rate of actuation affects the error
in the modelled dynamics if this term is neglected. With
high actuation rates approaching infinity, and low actua-
tion rates that can be considered quasi-steady, modelling
unsteady inertial terms is unnecessary, whilst a peak error
in the dynamic response exists with rate of approximately
1 m/s for the UAV used in this study.

In order to determine the amplitude of an equivalent
span-morph oscillation, it was decided to use JAR 23.157
(a) (1) and JAR 23.157 (c) (1) which require aircraft of
less than 2730 kg to complete a 60 degree roll from 30 de-
grees bank condition in 5 seconds for take-off and 4 seconds
for the approach flight phase. Using AVL, a desired steady
state roll rate of 15 degrees per second is used to compute
the required span extension to achieve this. An aileron was
sized for the outboard 25% of the semi-span (0.5 meters)
and 30% of the chord length (0.18 meters). To maintain
a steady state roll rate of 15 degrees per second at the
loiter condition, a single aileron is required to be deflected
by approximately 10.54 degrees. Asymmetrically deflecting

ailerons reduces the required angle by approximately half,
and also reduces the yaw induced through deflecting the
ailerons. For an equivalent generation of rolling moment,
between 20-30 cm of span extension is required. Typical
values for commercial airliner actuation rates for ailerons
are from 37 deg/s to 45 deg/s. With the elevator amplitude
of 5.27 deg, using 37 deg/s as a limiting actuation rate, a
frequency of approximately 1.76 Hz is required. This rises
to 2.13 Hz for 45 deg/s. Table 2 presents a summary of
the aileron and span morphing amplitudes and frequencies
required.

This investigation only considers using a single wing for
control, although the required amplitudes and frequencies
may be halved when deploying ailerons or span morphing
asymmetrically.

Euler simulations are performed in OpenFOAM for a
range of frequencies from the steady-state up to 20Hz. The
wingtip is actuated in a sinusoidal fashion from between the
loiter wing span up to the span identified in the above anal-
ysis that gives the desired rolling rate. Due to the way this
has been implemented, during the oscillating morph, the
average wingspan is greater than the loiter wing span, thus
in the initial transient before steady oscillation is achieved,
the forces and moments will evolve over a number of cycles
to a higher average value.

By performing Euler simulation, the effects of viscosity
(and turbulence) are assumed to be negligible. Although
the boundary layer will have some effect upon the drag force
(Table 1 indicates that it is responsible for approximately
one-third of the total drag in the steady state), the lift force
and bulk flow of the air is dominated by inviscid effects,
most notably the production of and effects caused by the
tip vortices. Euler simulation may then be a useful place
to start examining the system dynamics on account of its
ability to capture the main body of the flow accurately at
a greatly reduced computational cost compared to RANS.

Whereas in Section 4 forces were left dimensional, in this
section, force and moment coefficients are used. This is
because the span extension here is considered to be used
as a control input, rather than a planform change, and
this is more commonly expressed as a change in force or
moment coefficient. The reference area used is the unde-
formed loiter wing. For moments, it is common to non-
dimensionalise yaw and roll with the span as the reference
length, but pitching moment with chord length. However,
for this work, chord is used as the reference length for all
three moment coefficients, so that their magnitudes can be
directly compared.

An example time-history of the oscillating forces and mo-
ments (about the wing-root quarter-chord point) is shown
in Figure 5 for a 4Hz excitation. The adaption of lift and
drag through time due to the change in average wingspan
is easily seen in the upper-left and lower-left subplots. It
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Control Input pb/(2Vt) Roll Rate (deg/s) Rate Limit @ 1.76 Hz Rate Limit @ 2.13 Hz

Single Aileron @ 10.54 deg 0.0327 15 37 deg/s 45 deg/s
20 cm 0.03126 13.68 70.21 cm/s 85.39 cm/s
30 cm 0.04399 19.25 105.31 cm/s 128.08 cm/s

Table 2: Summary of amplitude, frequency and rate limit requirements for span morphing to equivalent single aileron
design

Figure 5: Time history of forces and moments during a 4Hz wingspan oscillation

takes approximately 2s for this adaption to take place, af-
ter which steady oscillation occurs. This effect is also seen
in the plots of moment coefficient on the right-hand-side.
The axial force oscillation is an order of magnitude smaller
than the drag, and two orders of magnitude smaller than
the lift. Because of this, and its small moment arm, its
contribution to moment at the wing-root is negligible.

The force in this direction displays some unusual be-
haviour compared to the other two components, and does
not appear to be a pure sine-wave. Frequency decomposi-

tion performed by FFT on the axial force data yields the
spectrum shown in Figure 6. Aside from the main peak at
4Hz, harmonics of this peak have also been excited.

The x moment (wing-root bending moment) is primar-
ily contributed to by lifting force, whilst the y moment
(pitching moment) comes from a periodic shifting in the
chord-wise direction of the pressure distribution over the
wing. Figure 7 shows this chord-wise oscillation at four
points during the oscillation cycle of period T : 0T , 1

4T ,
1
2T , and 3

4T .
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(a) 0T (b) 1
4
T

(c) 1
2
T (d) 3

4
T

Figure 7: Pressure contours near the wing-tip at four points in an oscillation cycle of length T

The figure shows a slice in the x− z plane at each time,
but the slice moves through space between the frames (a)
to (d) so that it remains just inboard of the wing-tip. At
the extrema of the deformation (Figures 7(a) and (c)), the
pressure distribution is relatively similar, and matches what
would be expected of a cambered aerofoil in a uniform flow.
However, as the wing is extending (Figure 7(b)), the suction
peak, indicated by blue on the colourmap, has moved to the
aft of the section, inducing a nose-down pitching moment.
The reverse is true as the wing is retracted in Figure 7(d), in
which the suction is now centered at the front. This shifting
fore and aft of the suction peak during the oscillation is
responsible for the oscillation in CMy and seen in Figure 5.

Returning to Figure 5, the rolling moment amplitude
(peak to peak) is approximately ¯∆CMx = 0.12, whilst the
yawing moment amplitude is approximately ¯∆CMz = 0.04,

giving a ratio of rolling to yawing moment of
1

3
. This rep-

resents quite a large amount of roll-yaw coupling, and the
phase between the two is such that the yawing moment
acts adversely to the rolling moment, tending to rotate the
aircraft out of the roll. This is unfortunate, but similar
in behaviour to an aileron, which when deflected down to
increase lift, also increases drag on the same wing. What
is perhaps surprising though is the high ratio of coupling
between the two, despite the amplitude of CD oscillation

being only
1

5
to that of CL. This can again be explained by

the behaviour seen in Figure 7. The oscillation in position
of the suction peak at the tip not only induces a pitching
moment, but affects drag on the outboard wing: extension
of the wing in 7(b) causes suction at the rear, increasing
drag dramatically in this section, whilst retraction of the
wing in Figure 7(d) causes suction at the front, decreas-
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Figure 6: Frequency spectrum of the 4Hz axial force

(a) Extension (b) Retraction

Figure 8: Surface pressures during extension and retrac-
tion, showing the shifting of suction on the upper surface
in the wing-tip region

ing drag. This effect, however, is most prominent at the
tip-region of the wing. Thus whilst the centre of lift moves
outboard as the wing extends both increasing the moment
arm as well as the total lift, the centre of drag moves out-
board much further, increasing its moment arm by a larger
distance, and accouting for the larger ratio of yaw moment
to roll moment than drag force to lift force. This predomi-
nantly localised movement of the pressure peak is shown in
Figure 8, which compares surface pressures during exten-
sion to those during retraction (π radians phase difference).

Some care needs to be taken when trying to generalise
these results. At higher actuation frequencies (6Hz and

greater), the actuation rate of the wing-tip is close to or
higher than the freestream velocity. This causes a large
change in effective side-slip angle at the tip, whilst the
wing-root remains at a constant side-slip of zero. The na-
ture of the pressure distribution at the wing-tip and its
evolution during the oscillation cycle may be highly depen-
dent upon the shape of the wing-tip. In the case of the
loiter wing, camber changes rapidly in the y direction near
the tip. This change presents a complex 3D geometry to
the flow at side-slip, and it may be the case that changes to
this shape could significantly alter the dynamic behaviour
in terms of pitching and yawing moments. Examination of
this near-tip shape will be left for a future study.

The results presented in this section so far have con-
cerned only a single frequency of oscillation. Bode plots for
forces, including both amplitude and phase, are shown in
Figure 9. The general trend for all three components is an
increase in amplitude of response as frequency is increased.
In the case of drag force, this increase is very nearly a linear
increase from the steady-state response (calculated from
two separate simulations with the baseline and deformed
meshes). Axial force coefficient is also close to linear, but
is an order of magnitude smaller, suggesting that it is rela-
tively insignificant at all frequencies when compared to lift
and drag force. This is consistent with the results from
constant-rate actuation generated from RANS simulation
in Section 3.

Lift force amplitude shows a negative gradient at low fre-
quencies. This is the component that contributes most to
roll, and is unfortunate behaviour as it suggests that actua-
tion within the practical range of frequencies is less efficient
than the steady-state calculations would imply. Although
lift amplitude increases again at frequencies higher than
2Hz, it must be increased to somewhere between 5Hz to
10Hz to give greater transient lift than steady-state calcu-
lations imply. These frequencies may not be attainable with
morphing systems and imply actuation rates of the wing-
tip in this work of a similar magnitude to the freestream
velocity. As was noted previously, these results may change
with changes in wing-shape near the tip region.

The phase plots in Figure 9 show that phase changes
rapidly from 0Hz to low-frequency actuation, potentially
making control difficult for low actuation frequencies. At
higher frequencies, however, phase response seems to sta-
bilise for the yaw and roll components, and at least be-
comes shallower in gradient for the pitching moment case.
The pitching moment phase response may be of significant
importance to aeroelastic problems to avoid coupling with
the torsion and bending modes of the wing structure.

6 Conclusions
Results from AVL (vortex-lattice) and OpenFOAM

(RANS) steady simulations indicated that there was a po-
tential for improvement in vehicle performance by using a
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Figure 9: Amplitude and phase response of force coefficients

span-changing morphing wing by reduction in overall drag
at high aspect ratios. The lift prediction from both meth-
ods showed a good match. Drag could not be directly com-
pared as the vortex lattice method does not account for
viscosity, but the results indicated that lift-induced drag
accounts for approximately 2

3 of the total drag.

Unsteady RANS simulations of a wing extending at a
constant rate showed that there were transients in forces
and moments during the morph, with particularly abrupt
changes at the start and end of the morph. Settling time
after the morph ended was significant for drag and lift, but
relatively rapid for axial force. However, the magnitude of
axial force during the morph was negligible compared to
lift and drag forces, and so it was concluded that there was
potential for high-frequency actuation for roll control.

A comparison to a conventional aileron was performed
using AVL to attempt to size a required span-morph to
achieve similar rolling rates. The deflection limits and ac-
tuation rate in degrees per second of the equivalent aileron
were used to identify the frequency at which a span-morph
would need to be actuated. A frequency range containing
the identified frequency was simulated in OpenFOAM on
the Euler equations to determine the frequency response
of the system. This analysis revealed strong coupling be-
tween roll and yaw that acts in the adverse sense, although
this is also the case for conventional ailerons. The coupling
seen here, in addition to the relatively large oscillations
in pitching moment, was attributed to the way in which
the pressure in the near-tip region evolves to provide an

increase in drag during extension, and a decrease in drag
during retraction, which was shown to cause a nose-down
pitching moment during extension in addition to a shift-
ing of the centre of drag further outboard than the centre
of lift. This accounted for the larger ratio of roll to yaw
moment amplitude than the ratio of lift to drag force am-
plitude would suggest.

The amplitude response of drag and axial force were
shown to be close to linearly related with frequency, whilst
lift force displays an unfortunate bucket in response at prac-
tical actuation frequencies. Phase response for all three
components of force changes rapidly from the steady-state
to low-frequencies, potentially leading to difficulty with
controller design for the aircraft.
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