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Abstract: Migratory birds have the ability to save energy during flight by arranging themselves in
a V-formation. This arrangement enables an increase in the overall efficiency of the group because
the wake vortices shed by each of the birds provide additional lift and thrust to every member.
Therefore, the aerodynamic advantages of such a flight arrangement can be exploited in the design
process of micro air vehicles. One significant difference when comparing the anatomy of birds to the
design of most micro air vehicles is that bird wings are not completely rigid. Birds have the ability
to actively morph their wings during the flapping cycle. Given these aspects of avian flight, the
objective of this work is to incorporate active bending and torsion into multiple pairs of flapping
wings arranged in a V-formation and to investigate their aerodynamic behavior using the unsteady
vortex lattice method. To do so, the first two bending and torsional mode shapes of a cantilever beam
are considered and the aerodynamic characteristics of morphed wings for a range of V-formation
angles, while changing the group size in order to determine the optimal configuration that results
in maximum propulsive efficiency, are examined. The aerodynamic simulator incorporating the
prescribed morphing is qualitatively verified using experimental data taken from trained kestrel
flights. The simulation results demonstrate that coupled bending and twisting of the first mode shape
yields the highest propulsive efficiency over a range of formation angles. Furthermore, the optimal
configuration in terms of propulsive efficiency is found to be a five-body V-formation incorporating
coupled bending and twisting of the first mode at a formation angle of 140 degrees. These results
indicate the potential improvement in the aerodynamic performance of the formation flight when
introducing active morphing and bioinspiration.

Keywords: flapping wings; formation flight; active morphing; aerodynamic performance; V-shape
arrangement

1. Introduction

Some species of birds arrange themselves in a V-formation during flight [1]. It is well
established that such a group arrangement is helpful to improve flight efficiency and save
energy [2,3]. This enables them to fly over long distances without stopping and feeding.
The saving of energy is mainly attributed to the interactions between the shed wake vortices
and the flapping wings. These wake vortices may increase the lift produced by each of the
birds in the group, which leads to a greater overall group efficiency when compared to a
bird in solo flight [4]. Furthermore, avian wings are not completely rigid. Birds have flexible
wrists which allow the wings to bend and twist throughout the flapping cycle [5]. This
morphing can be achieved actively, through muscular contractions, or passively, through
the aerodynamic forces acting on the flexible wing [6]. The primary muscles responsible
for the downstroke and upstroke of the wings are the pectoralis and supracoracoideus
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muscles, respectively. Furthermore, these muscles are used in the supination and pronation
(i.e., twisting and rotation) of the wings [7,8]. Supination and pronation refer to the change
in the angle of attack along the length of the wing, where the aforementioned terms denote
either an increase or a decrease in this angle, respectively [5]. Figure 1 illustrates supination
and pronation in a bird’s wing.
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Additionally, wing morphing has been observed to provide birds the ability to control
pitch through unsteady maneuvers. For example, a gliding-perching maneuver studied
by Carruthers et al. [10] demonstrated how an eagle rapidly morphs its wings during an
unsteady maneuver to maintain control. In the captured sequence, the eagle flexed its
wings inward near the bottom of its approach, which was hypothesized to move the center
of pressure forward to initiate an upward pitch. Then, the wings extended with a high
angle of attack to initiate stall and generate drag for slowing the maneuver [8,10]. This tech-
nique illustrates the eagle’s innate ability to control its wings throughout rapid unsteady
maneuvers in contrast to drones, which may require sophisticated control algorithms to
maintain stability [11–13]. Another study by Harvey et al. [14] combined observations of
living seagulls along with results obtained from wind tunnel tests of cadavers to propose
that flexing of the elbow allows the gull to change the position of its aerodynamic center
relative to the center of gravity, influencing static pitch stability. This control over static
pitch stability is useful for recovering after an unsteady occurrence, such as a gust of
wind [14].

Several computational investigations have been conducted to study the aerodynamic
benefits of wing morphing. For example, Le et al. [15] carried out a study involving the
simulation of a NACA 0012 airfoil exhibiting simultaneous plunging and chord flexure.
These simulations were conducted using the KFLOW solver incorporating the Navier-
Stokes equations. A phase angle was introduced to offset the plunging motion from the
chord flexure and was varied to observe the changes in lift and thrust over the plunging
cycle. Operating at constant reduced frequency, plunging amplitude, and dimensionless
flexural amplitude, the authors found that the highest average coefficient of thrust occurs
at a phase angle of 0 degrees, which exceeded the value achieved by the rigid airfoil [15].
Several studies have also been conducted in order to analyze the aerodynamic effects of
wing morphing for a pair of flapping wings. Han [16] used a technique based on the
low-order unsteady panel method discussed in [17] to simulate the flapping behavior
of a seagull using published kinematic parameters. Combinations of flapping, lead and
lag, and wing folding were considered along with variation in the flapping frequency in
order to determine the unsteady aerodynamic effects. The results indicated that flapping
combined with lead and lag helps to increase the produced lift, while flapping combined
with wing folding results in higher thrust. Furthermore, the advance ratio was observed to
be inversely proportional to lift and drag. This advance ratio is defined in the referenced
work as the ratio of the freestream velocity to the wing-tip velocity.

Stanford and Beran [18] reported that bending is more beneficial for increasing thrust
at low reduced frequencies, while twisting is more influential at higher reduced frequen-
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cies. The reduced frequency is defined as the ratio of the flapping frequency multiplied by
the chord length over the freestream velocity. Another optimization study conducted by
Ghommem et al. [19] concluded that the morphing effects of bending and torsion do not
significantly improve the average coefficient of lift over the flapping cycle when compared
to non-morphing flapping wings. In addition, it was shown that the implementation of
the second mode shapes for bending and torsion allowed for a significant increase in the
propulsive efficiency when compared to the case when only the first mode shapes were
utilized. It should be noted that the morphing representation used in [19] incorporated the
same method as Stanford and Beran [18], which is different than the morphing implemen-
tation utilized in the present work. It should be noted that wing morphing can be achieved
in the physical design of a micro air vehicle through the use of shape memory alloys,
piezoelectric actuators, or servo-activated wing segments [20–22]. In conjunction with the
morphing mechanism, a primary mechanism is also needed to flap the wings. In general,
this mechanism may be constructed using one or more crankshafts along with connecting
rods to convert rotational motion from the electric motor to linear actuation for flapping the
wings. The design and implementation of one such mechanism in a multi-flapping-wing
drone is discussed in further detail in [23]. In addition, flapping-wing drones may require
an additional mechanism to become airborne before initiating the flapping cycle in order
to avoid contact of the wings with the ground. One such mechanism was presented in [24],
which incorporated a four-bar linkage in the design to mimic the leg extension employed
by birds during takeoff.

Several research studies have been conducted to investigate the aerodynamic char-
acteristics of formation flights. First, Lissaman and Schollenberger [2] reported that a
V-formation consisting of 25 members could potentially achieve an increase in range of up
to 71% compared to a bird in solo flight. Thien et al. [25] simulated three rectangular, rigid
wings in V-formation flight using a Navier-Stokes-based solver. Their results indicated
that the follower achieves an increase in lift and a decrease in drag as the angle of attack of
the leader is increased [25]. Furthermore, Ghommem and Calo [4] conducted an aerody-
namic study on flapping wings arranged in a V-formation using the unsteady vortex lattice
method. They found that a V-formation of seven members results in a propulsive efficiency
increase of 55.8% in the last two trailing birds compared to a bird in solo flight [4].

Given these features, a numerical study is conducted to investigate the combined
effects of active bending and torsion as well as group arrangement flight on the aerody-
namic performance of flapping wings. To simulate this, the unsteady vortex lattice method
(UVLM) is employed to compute the aerodynamic loads generated in a V-formation of both
three-member and five-member sizes. The first and second mode shapes of bending and
torsion of a cantilever beam are utilized to actively control the wing morphing. Finally, a
range of formation angles is tested to determine the optimal formation angle and morphing
configuration that maximize the propulsive efficiency of the follower.

2. Aerodynamic Modeling and Active Morphing
2.1. The Unsteady Vortex Lattice Method

UVLM is a method that has been extensively used to conduct aerodynamic analyses
of thin wings subject to unsteady conditions [4,18,19]. These unsteady conditions may be
caused by several factors, such as fluctuating airflow speed, wake vortices, and variable
wing shapes and kinematics. Therefore, UVLM has been widely implemented for ana-
lyzing not only fixed wings, but also to examine the aerodynamic behavior of flapping
wings [26–28]. UVLM is based on solving a system of equations for the bound and wake
vortex strengths at each time step within a specified time domain. In order to do this, the
wing must first be divided into a specified number of panels.

To create the panels, a wing shape is specified, and the chord and span are divided
into the desired number of respective segments. The total number of panels is equal to the
product of the chordwise segments and the spanwise segments. Each panel is placed on
the surface of the camber line, assuming a thin airfoil is used [27]. Next, a vortex ring is
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introduced, which is a collection of four, straight vortex segments. A bound vortex ring
is superimposed on each of the panels, with the leading edge of the vortex ring being
coincident with the quarter-chord line of the panel. In addition, a collocation point is
placed at the center of each of the vortex rings and is aligned with the three-quarter-chord
line of each panel. At the first time step, only the bound vortex rings are present on the
wing surface. Each segment of the bound vortex rings will induce a velocity on each of the
collocation points according to the Biot-Savart law [29]. At the end of the first time step,
the bound vortex rings at the trailing edge of the wing are shed and moved at the local
velocity to create the first row of the wake. The velocity induced on each of the collocation
points is again determined using the Biot-Savart law while accounting for both the bound
vortex rings and the wake vortex rings (except for the first time step, at which the wake
has not been created yet) [17]. Next, the no-penetration condition is imposed by equating
the normal component of the velocity induced on each collocation point by the bound
vortex rings and the wake vortex rings to the normal component of the velocity at each
collocation point due to the motion of the wing. Enforcing the no-penetration condition at
each collocation point and accounting for the effect of the wake leads to the linear system
shown in the following equation:

[A]wing{Γ}wing = −[A]wake{Γ}wake + {V}normal (1)

where the matrix [A]wing contains the influence coefficients created by the bound vortex
rings, the vector {Γ}wing includes the unknown bound vortex strengths, the matrix [A]wake
contains the influence coefficients created by the wake vortex rings, the vector {Γ}wake
contains the known wake vortex strengths for the current time step (computed from the
previous time steps), and the vector {V}normal contains the normal component of the
velocity at each collocation point due to the motion of the wing. Equation (1) may then be
rearranged to solve the linear system of equations for the bound vortex strengths of the
current time step, which may then be used for calculating the aerodynamic loads applied
on the wing using the unsteady Bernoulli equation [18].

2.2. Active Morphing through Bending and Torsion

In this work, the first mode shapes for bending and torsion of a cantilever beam are
used to simulate prescribed morphing during the flapping cycle. The choice of the mode
shapes of a cantilever beam is made given the aspect ratio of the wing. Furthermore, the
prescribed deformation of the wing (active morphing) is achieved using the simple bending
and twisting modes of a cantilever beam for the sake of ease of implementation and control
during the operation of a bio-inspired drone.

The equation for the nth bending-mode shape of a cantilever beam is given by [30,31]:

ψn(x) = A(cos h(anx)− cos(anx))− σn(sin h(anx)− sin(anx)) (2)

where n is the desired mode shape, A is an arbitrary constant, and σn is given by:

σn = (cos(anL) + cos h(anL))/(sin(anL) + sin h(anL)) (3)

in which L is the length of the beam and the value for anL corresponding to each mode
shape is obtained by numerically solving the characteristic equation given by:

cos(aL) cos h(aL) + 1 = 0 (4)

Finally, the bending response is obtained using Equation (5) as:

yn(x, t) = ψn(x) sin(ωbt) (5)

where ωb is the actuation frequency for the bending mode.
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Furthermore, the torsional-mode shape equation is given by [32]:

γn(x) = B sin(βnx) (6)

where B is an arbitrary constant and βn is obtained by solving the following characteris-
tic equation:

cos(βL) = 0 (7)

The resulting equation for the torsional response is expressed as:

θn(x, t) = γn(x) cos(ωtt) (8)

where ωt is the actuation frequency of the torsion mode.
As for the implementation of active morphing in the UVLM-based solver, the length

of the beam is set equal to half of the span and a single prescribed morphing frequency is
used for both bending and torsion modes to ensure synchronized kinematics. In addition,
a phase angle is included in the bending and torsional responses in order to make the
responses either in phase or out of phase with respect to each other. Furthermore, for
simulations involving combined modes, the first and second mode shapes are added
together before calculating the response. Finally, the leading edge of the wing is specified
as the elastic axis for the torsional motion. As an example of this implementation, Figure 2
illustrates the first mode, second mode, and combined modes for bending, torsion, and
coupled morphing in a rectangular wing. The flapping amplitude is set to 0 degrees in this
example to clearly demonstrate the morphing effects.
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3. Qualitative Computational Model Verification

A qualitative study is conducted to simulate a bird in flapping flight using actual
experimental data obtained in [33]. In the referenced work, trained kestrels were directed
to fly down a corridor, which included a mirror to allow a high-speed camera to capture
different angles of the birds. This camera was used to determine the kinematic parameters
of each bird over a single flapping cycle and for multiple sequences of flights down the
corridor. Masses were attached to the birds to determine the change in flight behavior with
the addition of 0.3 N and 0.6 N payloads. For the sequences involving different payloads,
the birds were noted to exhibit different flight characteristics. For the purposes of this
study, only the observations for the female kestrel are used for conducting simulations.
Furthermore, only two cases are considered, namely, one without a payload and another
with the 0.6 N payload.

In order to conduct the UVLM simulations, the average recorded values are imple-
mented for each of the two cases. These values are velocity, flapping frequency, total
inclination angle, and wing-stroke angle, which are listed in Table 1 for both the unloaded
and loaded cases.

Table 1. Average flight characteristics reported in [33] for the female kestrel, both with and without
an added payload.

Unloaded (0 N Added) Loaded (0.6 N Added)

Velocity (m/s) 8.13 7.71

Flapping frequency (Hz) 5.52 6.19

Inclination angle (degrees) 3 9

Wing-stroke angle (degrees) 91 91

Furthermore, the wingspan is approximated as 0.5 m for these simulations, as the
authors note that the kestrel never reached its maximum wingspan of 0.72 m but remained
between 60% and 80% of this value. In addition, the approximate wing shape is extracted
using a top-down view of the wing outline shown in their work. Multiple points are
selected along this outline and the Image Processing Toolbox in Matlab [34] is used to fit
a third-order polynomial to the leading and trailing edges. The Selig 1223 is selected to
assign a camber line to the kestrel wing shape, as this avian-like airfoil is noted as being
similar to both seagull and merganser airfoils [35].

In the absence of active morphing, the average difference in lift produced over the
flapping cycle between the two cases is calculated as 0.86 N. It should be noted that the
difference in lift should be greater than or equal to the added payload in order for the kestrel
to maintain a stable altitude, which is indeed observed from these simulations. However, it
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is unlikely that the wings were perfectly rigid throughout the actual flights recorded in
the experiments. Therefore, a parametric morphing study is also conducted to determine
how wing morphing may influence the difference in lift between the two scenarios. To do
this, the first bending and torsional modes of a cantilever beam are implemented into the
UVLM code to prescribe morphing during the flapping cycle. This prescribed morphing is
implemented as described in Section 2.2. Constant bending and twisting amplitudes are
used, while the bending phase and the twisting phase are each varied between 0 and 2π
radians to see which combination of phases and which morphing type yields the greatest
difference in lift between the unloaded and loaded cases. The results of this study are
shown in Figures 3 and 4.
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Figure 3a demonstrates the difference in lift between the loaded and unloaded cases
with variation in the bending phase. In this case, the bending amplitude is set to 2 cm and
the twisting amplitude is set to 0 degrees. Variation in the bending phase demonstrates that
the highest difference in lift is achieved at a bending phase of 3.39 radians (194.4 degrees).
Figure 3b shows the difference in lift when the bending amplitude is set to 0 cm but the
twisting angle amplitude is set to 15 degrees. Varying the twisting phase results in the
highest difference in lift at 4.52 radians (259.2 degrees).

Figure 4 illustrates the results for the coupled bending and twisting case. Here, the
bending and twisting phases are both varied, and both have an effect on the lift generation.
This figure demonstrates that the maximum difference in lift is achieved when the bending
phase is 3.39 radians (194.4 degrees) and the twisting phase is 4.52 radians (259.2 degrees).

Table 2 shows the maximum difference in lift achieved by each morphing type at the
optimal phase angle and reveals that the morphing involving only bending resulted in the
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greatest difference in lift of 0.88 N. This value corresponds to a 2.1% increase compared to
the 0.86 N difference in lift achieved by the rigid wing. The twisting case resulted in a 0.5%
decrease in the lift difference, while the coupled case showed a 1.4% increase, indicating
that twisting is not beneficial for increasing the difference in lift for this specific scenario.
Figure 5 shows the wake generated by the coupled bending and twisting throughout the
flapping cycle for the kestrel wing shape in both the unloaded and loaded cases. In each
case, the wake illustrates the history of the vortices generated over the specified time
domain. Between the two cases, Figure 5b, considering the added payload, resulted in
a shorter wake due to the reduced velocity. Furthermore, both wakes illustrate that the
highest vorticity is generated during the downstroke of the wings, while negative values
are generated during the upstroke.

Table 2. Difference in lift between the loaded (0.6 N payload) and unloaded simulations for each
morphing type at the optimal combination of bending and twisting phases.

Value Comparison with Rigid Case

Rigid 0.86 N N/A

Bending 0.88 N +2%

Twisting 0.85 N −1%

Coupled 0.87 N +1%
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4. Results and Discussion
4.1. Effect of Active Morphing on the Solo Configuration for Rectangular Wings

Simulations are first conducted using a rectangular wing shape for a single pair of
flapping wings. Simulations include a rigid baseline case along with bending, twisting,
and coupled cases. Moreover, the wing morphing is implemented in two different ways.
First, only the first mode shape of bending and twisting is utilized. Then, the first mode
shape is combined with the second mode shape (for bending and twisting, individually) to
determine their associated effects on the aerodynamic performance of the flapping wing in
forward flight. The simulated wing specifications and morphing parameters are shown in
Tables 3 and 4, respectively. All input parameters listed in Tables 3 and 4 remain constant
for all simulations, regardless of group size. However, the amplitude of the bending
and twisting alternates between 0 and the listed value depending on the morphing type
(bending, twisting, coupled, or rigid).
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Table 3. Simulation parameters.

Aspect ratio 10.56

Wingspan (m) 0.5

Velocity (m/s) 5

Flapping frequency (Hz) 3

Flapping amplitude (degrees) 45

Angle of attack (degrees) 5

Following distance (m) 0.17

Biot-Savart cutoff radius (m) 10−9

Spanwise panels 10

Chordwise panels 10

Table 4. Morphing parameters.

Morphing frequency (Hz) 3

Bending amplitude (m) 0.02

Twisting amplitude (degrees) 15

Bending phase (radians) π/4

Twisting phase (radians) −3π/4

Figures 6 and 7 show the variations in the coefficients of lift, thrust, and power over
the flapping cycle for a single pair of wings (without any interactions with other wings) for
the single-mode case and the combined-mode case, respectively.
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It is noted that the resulting aerodynamic coefficients are highest during the down-
stroke of the wings, which is noticeably more significant than the upstroke for all morphing
cases. Figure 6a shows that the bending case exhibits nearly the same lift behavior as the
rigid case for both the downstroke and the upstroke. However, the twisting and coupled
cases show a lower coefficient of lift during the downstroke and a higher coefficient of lift
during the upstroke compared to the bending and rigid cases. In Figure 6b, the bending
case shows only a slight improvement over the rigid case during the downstroke and the
upstroke in terms of the coefficient of thrust. On the other hand, the coupled and twisting
cases show a decrease in the coefficient of thrust during the downstroke. Figure 6c demon-
strates that the bending and rigid cases result in a noticeably higher power coefficient over
the downstroke compared to the other morphing types. It should be mentioned that the
power coefficient is expressed as:

CP = P/
(

0.5ρU∞
3 A

)
(9)

Here, P refers to the aerodynamic power, ρ is the density of the air, U∞ denotes the
freestream velocity, and A is the surface area of the wing [4]. A lower power coefficient
is desired for better aerodynamic performance. The expression of aerodynamic power is
given by:

P =

Npanels

∑
k=1

∆CPk ·Ak·
⇀
n k·

⇀
V

k

motion (10)

where ∆CPk is the pressure, Ak represents the area,
⇀
n k is the normal vector, and

⇀
V

k

motion
denotes the velocity due to the unsteady motion of the wing for each panel on the wing
surface, respectively [19]. It should be recalled that the pressure is computed from the
unsteady Bernoulli equation after computing the circulations of the wing vortex rings.
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Considering the combined-mode morphing, Figure 7a shows that the rigid case
achieves the highest peak coefficient of lift during the downstroke compared to the other
morphing cases. On the other hand, the twisting and coupled cases generally achieve a
higher coefficient of lift during the upstroke compared to the bending and rigid cases. Next,
each morphing case in Figure 7b shows generally the same behavior during the downstroke,
but the rigid and bending cases result in higher coefficients of thrust during the upstroke
compared to the twisting and coupled cases. Finally, Figure 7c shows that the bending and
rigid cases result in significantly higher power coefficients over the downstroke compared
to the other cases, as was previously observed for the mode-one morphing.

Table 5 presents the results obtained for each morphing type in the solo configuration.
First, it should be noted that the rigid case performs best in terms of the coefficient of
lift. This observation is consistent with the findings of [19], in which the authors noted
that wing morphing may not be beneficial for improving lift compared to the baseline,
rigid case. The first bending mode achieves the highest coefficient of thrust, while the
first twisting mode results in the lowest coefficient of power. Finally, the coupled case
(combining the first bending and twisting modes) results in the highest propulsive efficiency
compared to the other cases. We note that the propulsive efficiency is defined as the ratio
of the power consumed to move the wing in the forward direction over the aerodynamic
power [19]. By implementing coupled morphing using the first bending and twisting
modes, a 13.3% increase in propulsive efficiency is achieved compared to the rigid case.
Indeed, all morphing cases achieve a greater propulsive efficiency than the rigid case with
the exception of combined-mode twisting.

Table 5. Mean coefficient of lift, thrust, power, and propulsive efficiency for each morphing case.

Rigid Bending Twisting Coupled

N/A Mode 1 Modes 1 and 2 Mode 1 Modes 1 and 2 Mode 1 Modes 1 and 2

CL 1.12 1.09 1.03 1.10 1.09 1.07 0.99

CT 0.19 0.21 0.19 0.14 0.15 0.17 0.15

CP 0.39 0.43 0.39 0.30 0.33 0.32 0.30

η 0.47 0.50 0.49 0.48 0.45 0.54 0.50

The wake plots for each of the morphing cases are shown in Figure 8, where the
wake constitutes the history of vorticity generation over the specified time domain. The
downstroke of the wings results in higher values of vorticity, while the upstroke results
in lower values. It should be mentioned that, near the end of the flapping cycle, the
twisting and coupled cases utilizing both mode-one and combined-mode morphing show
lower values of vorticity on the outer surfaces of the wing compared to the bending case.
Furthermore, the twisting and coupled cases using combined-mode morphing result in
higher wake vorticities near the root of the wings throughout the downstroke.

4.2. Three-Body V-Formation for Rectangular Wings: Influence of Active Morphing and
Optimal Performance

In this section, the effect of active morphing on the aerodynamic performance of
flapping wings in three-body V-formation flight is investigated. A schematic illustrating
this flight configuration is shown in Figure 9.
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Figure 9. A schematic illustrating a 3-body V-formation, where Xrel denotes the following distance,
Yrel denotes the lateral spacing distance, and α is the formation angle. The difference in height
(Z-direction) between the members is assumed to be zero.

Figure 10 depicts the variations in the aerodynamic coefficients and the propulsive
efficiency with the formation angle for each morphing case when only the first mode
shapes of bending and twisting are used for the prescribed morphing. It should be noted
that in the subsequent analyses, the results are smoothened using a moving mean with
a five-degree sliding window. Furthermore, the obtained aerodynamic coefficients are
averaged over one flapping cycle. Figure 10a shows the average coefficient of lift for
the leader and the follower row in the three-body configuration and demonstrates that
the rigid case achieves the highest average coefficient of lift over the considered range
of formation angles. Additionally, the follower row achieves its peak lift at a formation
angle of 127 degrees. The leader outperforms the follower for lower formation angles
in each of the morphing cases. As for the rigid-wing case, the follower outperforms the
leader between the formation angles of 134 and 149 degrees. Similarly, the follower row
in the bending case outperforms the leader when the formation angle is between 134 and
148 degrees. The performance of the follower row and the leader for all morphing cases
merge at higher formation angles due to the minimal influence of the shed wake vortices
on each of the wings in the group.



Drones 2021, 5, 90 13 of 22

Drones 2021, 5, x FOR PEER REVIEW 13 of 22 
 

be mentioned that the twisting and coupled cases conserve more power than the baseline 
rigid case, while the bending case results in a higher power coefficient than that obtained 
for the rigid wings. Finally, the resulting propulsive efficiencies for each morphing case 
are illustrated in Figure 10d. Here, the coupled morphing case outperforms all other 
morphing cases in terms of propulsive efficiency and the follower row achieves its peak 
efficiency at a formation angle of 140 degrees. At this angle, the follower in the coupled 
case shows a 4.5% increase in propulsive efficiency compared to the rigid-wing case. 

As mentioned previously, Figure 10 illustrates the performance of each morphing 
type when only the first mode shapes of bending and twisting are prescribed for the wing 
morphing. Next, the first and second mode shapes are added together for both the bend-
ing and twisting (individually). The obtained results are displayed in Figure 11. Figure 
11a shows the average lift coefficient achieved by each morphing type over the whole 
range of tested formation angles. Here, the rigid case outperforms the other morphing 
cases in terms of both the leader and the follower row. The follower row in the rigid case 
achieves its peak in the lift coefficient at a formation angle of 127 degrees (as noted previ-
ously in the mode-one simulations). Figure 11b illustrates the thrust coefficient results 
obtained for each morphing type over the tested range of formation angles. It is observed 
that the bending and rigid cases achieve nearly the same peak for the thrust coefficient 
with a 0.3% difference at a formation angle of 141 degrees. Furthermore, the twisting and 
the coupled cases achieve nearly the same thrust peak with a 0.5% difference at formation 
angles of 137 and 136 degrees, respectively. 

 

(a) (b) 

 

(c) (d) 

 
(e) 

Figure 10. Three-body V-formation results for each morphing type when only mode 1 is used. Results are presented over 
a range of formation angles for average (a) coefficient of lift, (b) coefficient of thrust, (c) coefficient of power, and (d) 
propulsive efficiency. The legend is shown in (e). 

Figure 10. Three-body V-formation results for each morphing type when only mode 1 is used. Results are presented
over a range of formation angles for average (a) coefficient of lift, (b) coefficient of thrust, (c) coefficient of power, and
(d) propulsive efficiency. The legend is shown in (e).

Figure 10b demonstrates that the bending case outperforms the rigid case in terms
of thrust produced by both the leader and the follower row. It is clear that for each of the
morphing cases, the follower is able to produce more thrust than the leader throughout all
of the tested formation angles. The follower row produces its peak coefficient of thrust at a
formation angle of 141 degrees for the bending, rigid, and coupled cases and at 140 degrees
for the twisting case. It should be noted that the leader has an increasing thrust trend as
the formation angle increases. This observation is in contrast to Figure 10a, in which the
leader demonstrates a decreasing trend in lift as the formation angle increases. Finally, it is
noted that the leader and the follower row produce the same thrust for higher formation
angles due to the high separation of the members.

Figure 10c shows the power coefficient results for each morphing case. Here, the
twisting case conserves the most power over the flapping cycle in terms of both the leader
and the follower compared to the other morphing types. Furthermore, the twisting case
achieves peak power savings in the follower at a formation angle of 130 degrees. It should
be mentioned that the twisting and coupled cases conserve more power than the baseline
rigid case, while the bending case results in a higher power coefficient than that obtained
for the rigid wings. Finally, the resulting propulsive efficiencies for each morphing case are
illustrated in Figure 10d. Here, the coupled morphing case outperforms all other morphing
cases in terms of propulsive efficiency and the follower row achieves its peak efficiency at
a formation angle of 140 degrees. At this angle, the follower in the coupled case shows a
4.5% increase in propulsive efficiency compared to the rigid-wing case.

As mentioned previously, Figure 10 illustrates the performance of each morphing
type when only the first mode shapes of bending and twisting are prescribed for the wing
morphing. Next, the first and second mode shapes are added together for both the bending
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and twisting (individually). The obtained results are displayed in Figure 11. Figure 11a
shows the average lift coefficient achieved by each morphing type over the whole range
of tested formation angles. Here, the rigid case outperforms the other morphing cases in
terms of both the leader and the follower row. The follower row in the rigid case achieves
its peak in the lift coefficient at a formation angle of 127 degrees (as noted previously in
the mode-one simulations). Figure 11b illustrates the thrust coefficient results obtained
for each morphing type over the tested range of formation angles. It is observed that the
bending and rigid cases achieve nearly the same peak for the thrust coefficient with a 0.3%
difference at a formation angle of 141 degrees. Furthermore, the twisting and the coupled
cases achieve nearly the same thrust peak with a 0.5% difference at formation angles of
137 and 136 degrees, respectively.
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Figure 11c shows the resulting power coefficient for each morphing type. The coupled
morphing case is observed to conserve the most power over the range of tested formation
angles. This observation is in contrast to the first-mode morphing simulations, in which
the twisting case resulted in the least power consumed. Besides, the rigid-wing case
shows nearly the same trend observed when introducing the bending, with only a 1.6%
difference in the peak power savings. Given the large difference in minimum follower
power coefficient between the rigid and the coupled case at 128 degrees, the pressure
distribution on each of the wings is shown in Figure 12 over a single flapping cycle. Near the
beginning and end of this flapping cycle, lower pressures are generally observed near the
outer surfaces of the wings in the coupled morphing case compared to the rigid case. Finally,
Figure 11d reveals that the coupled case still achieves the highest propulsive efficiency at
a formation angle of 130 degrees (different from the rigid-wing case). This is in contrast
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to the first-mode simulations, in which the coupled case produced its peak propulsive
efficiency at a formation angle of 140 degrees. Of interest, the bending case shares a nearly
identical peak propulsive efficiency with the rigid-wing case with a difference of only 0.1%.
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In Table 6, the percent change in peak aerodynamic performance of the follower for
the combined-mode morphing in comparison to the first-mode morphing is summarized. It
follows from this table that the prescribed morphing, combining the first and second mode
shapes, generally results in a decrease in the aerodynamic performance of the follower at
the optimal formation angle corresponding to the individual morphing cases. However,
there are a few exceptions to this observation. The combined-mode twisting case shows
a 3.9% increase in the peak of the thrust coefficient compared to the first twisting mode.
Furthermore, the combined-mode bending and coupled cases achieve a 7.0% and 3.1%
decrease in minimum aerodynamic power, respectively, compared to the first-mode cases.

Table 6. Percent change in peak follower row 1 performance for morphing involving modes 1 and 2
compared to only mode 1. Table corresponds to a 3-body V-formation.

3-Body ¯
CL

¯
CT

¯
CP

η

Bending −5.55% −10.95% −7.03% −3.05%

Twisting −1.82% +3.88% +10.48% −5.62%

Coupled −7.46% −9.81% −3.09% −5.82%

4.3. Five-Body V-Formation for Rectangular Wings: Optimal Morphing Configuration
and Performance

After investigating the impacts of active morphing on the aerodynamic performance
of the leader and followers for the three-body V-formation, the focus is next shifted to
analyze the aerodynamic effectiveness when five members are included in the V-formation.
The effects of active morphing using the first bending and twisting modes are first explored.
The plots in Figure 13 depict the variations in the aerodynamic coefficients and propulsive
efficiency with the formation angle. Figure 13a shows that the rigid-wing case outperforms
the morphed-wing cases in terms of lift generation, and follower row one outperforms
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follower row two in all of the different morphing cases across all formation angles tested.
The peak of the lift coefficient produced by the rigid follower row one occurs at a formation
angle of 129 degrees. The plotted curves in Figure 13b present the resulting thrust coefficient
for each morphing case. Again, morphing the wing through bending leads to superior
performance in terms of thrust coefficient over the considered range of formation angles in
comparison to the other morphing cases. The second follower row outperforms the first one
for each morphing type until a formation angle of approximately 140 degrees is reached.
Beyond this angle, both of the follower rows show generally the same performance until
they merge with the leader’s performance at high formation angles. The peak of the thrust
coefficient produced by follower row two in the bending case is found at a formation angle
of 140 degrees.
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Figure 13c shows that the twisting case conserves the most power per flapping cycle
over the entire range of formation angles. Furthermore, follower row two conserves more
aerodynamic power than follower row one for each morphing type and for lower formation
angles. For higher formation angles, the results for both of the follower rows merge with
those of the leader due to the reduced aerodynamic interactions of the wings with each
other and their shed vortices. The minimum aerodynamic power coefficient achieved by
follower row two in the twisting case is obtained at a formation angle of 129 degrees. Finally,
Figure 13d shows the resulting propulsive efficiencies for each morphing case. Clearly, the
coupled case outperforms all of the other morphing cases over the range of tested formation
angles. The peak of the propulsive efficiency of follower row two in the coupled case is
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located at a formation angle of 140 degrees. Of interest, the leader experiences a decreasing
trend in terms of lift and power coefficients and shows an increasing trend in terms of the
thrust coefficient and propulsive efficiency. Furthermore, the leader results always merge
with those of the follower at higher formation angles due to the high separation between
the group members. This characteristic trend of the leader is also evident in Figure 10,
Figure 11, and Figure 14.
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Figure 14 shows the simulation results for all aerodynamic coefficients and the propul-
sive efficiency when the first and second modes are combined for active morphing. The
plotted curves in Figure 14a present the lift coefficient results and illustrate that the rigid-
wing case again outperforms the other morphing cases. Additionally, the peak for follower
row one in the rigid-wing case is found at a formation angle of 129 degrees, which is close
to the peak location of 127 degrees found in Figure 11a. Next, Figure 14b shows that the
bending case outperforms the other morphing cases in terms of thrust coefficient, although
the advantage is not as pronounced compared to when only the first mode was used.
Figure 14c demonstrates that the coupled case achieves the lowest power coefficient for
both the leader and the follower rows. Furthermore, the local minima corresponding to the
follower rows show a decrease compared to the first-mode results for both the bending
and coupled cases, as noted in Tables 7 and 8. Furthermore, the second follower row
outperforms the first one over the considered range of formation angles. The plots in
Figure 14d show the propulsive efficiency results. Of interest, the coupled case shares a
similar trend with the bending case. However, the bending case has the highest peak for
follower row two, corresponding to a formation angle of 131 degrees.
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Table 7. Percent change in peak follower row 1 performance for morphing involving modes 1 and 2
compared to only mode 1.

5-Body ¯
CL

¯
CT

¯
CP

η

Bending −5.14% −10.41% −7.57% −2.40%

Twisting −2.62% +2.48% +10.29% −8.38%

Coupled −7.93% −9.65% −3.07% −6.23%

Table 8. Percent change in peak follower row 2 performance for morphing involving modes 1 and 2
compared to only mode 1.

5-Body ¯
CL

¯
CT

¯
CP

η

Bending −5.04% −10.13% −7.34% −1.04%

Twisting −2.38% +1.05% +10.05% −9.87%

Coupled −7.63% −9.71% −3.09% −6.28%

Tables 7 and 8 present the change in the aerodynamic performance when transitioning
from mode-one morphing to combined-mode morphing for the first and second follower
rows, respectively, in the five-body formation. Of interest, the only noticeable advantage
of using combined-mode morphing is to improve the peak in the thrust when activating
only the twisting, or to decrease the minimum power coefficient for the bending and
coupled cases.

4.4. Group Size Considerations: Efficient Design

As different group sizes and various morphing types are considered in this work, the
optimal combination is selected based on the highest peak propulsive efficiency obtained
by the followers. This optimal selection is found to be the five-body V-formation at a
formation angle of 140 degrees, which incorporates single-mode coupled morphing. This
selection is based on the results shown previously in Figure 13d.

In order to compare the results of the solo configuration with those obtained for the
three-body and five-body V-formations, global aerodynamic performance, defined as the
average aerodynamic coefficient or propulsive efficiency of the leader and follower row
(or rows) at a specific formation angle, is introduced. The formation angle selected for
this comparative study is 140 degrees based on the identified superior performance at that
angle from the previous analysis.

Figure 15 compares the solo performance against the global aerodynamic performance
of the three-body and five-body V-formations at a formation angle of 140 degrees for all
of the morphing cases utilizing only the first mode shapes. Figure 15a shows that the
global lift coefficient is higher for the three-body and five-body V-formations compared
to the solo configuration results. The five-body configuration utilizing only twisting
shows the greatest improvement of 1.9% over the solo lift coefficient. It is noted that the
global coefficient of lift values for all group sizes for the rigid-wing case outperforms
those obtained by the other morphing cases. Figure 15b demonstrates that, for all of the
morphing cases, the global thrust coefficient increases as the number of members in the
V-formation increases. The bending case shows an increase of 11% for the five-body V-
formation compared to a solo flight. Furthermore, the bending case shows the highest
global thrust coefficient for all tested group sizes compared to the other morphing cases.
Figure 15c demonstrates the decrease in the global power coefficient as the group size of
the V-formation increases. The five-body bending case achieves the greatest power savings
with a 2.9% reduction in the power coefficient compared to the solo bending case. Finally,
Figure 15d demonstrates that as the number of members in the V-formation increases,
the global propulsive efficiency increases as well. The coupled morphing case shows the
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highest global propulsive efficiency for each group size, while the bending case achieves
the greatest increase of 14.4% for the five-body group size in comparison to the solo-flight
bending case.
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Figure 16 presents the global performance metrics when considering the combined-
mode morphing. The obtained trend of the thrust and power coefficients along with
the propulsive efficiency is similar to that observed when using the first mode shapes.
Moreover, the global lift coefficient is found higher in the V-formations than in the solo
configuration (although there is not a clear trend with increasing group size). Of interest,
the rigid case outperforms the other morphing cases in terms of the global lift coefficient
for all group sizes. This observation was also noted previously for the mode-one global lift
coefficient, as shown in Figure 15a.

The global aerodynamic performance is generally lower for the combined-mode
morphing compared to the mode-one morphing. To gain further insight into the impact of
the different types of morphing on the global aerodynamic performance of the five-body
formation, Table 9 presents the change in the global aerodynamic performance metrics
when using combined-mode morphing instead of mode-one morphing. Clearly, the main
advantage of the deployment of combined-mode morphing in a V-formation is to improve
the global thrust coefficient in the twisting case or to decrease the global power coefficient
in the bending and coupled cases.
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Table 9. Percent change in global performance of the 5-body V-formation for morphing involving
combined-modes compared to only mode 1.

5-Body ¯
CL

¯
CT

¯
CP

η

Bending −5.30% −10.30% −7.45% −3.11%

Twisting −2.48% +2.73% +10.29% −6.86%

Coupled −7.76% −9.90% −3.42% −6.72%

5. Conclusions

In this work, an aerodynamic analysis was conducted to determine the formation an-
gle and morphing type that lead to the optimal aerodynamic performance of the followers
in V-formation flight using a rectangular wing shape. The prescribed morphing used in this
work was based on the first two mode shapes for the bending and twisting of a thin can-
tilever beam, where this bending and twisting were either coupled or prescribed separately.
Furthermore, the morphing in this work used either the first mode or a combination of the
first and second modes for the bending and twisting, respectively. This morphing approach
was implemented in the unsteady aerodynamic simulator, which was qualitatively verified
against experimental data of trained kestrel flights. The optimal configuration in terms
of maximum propulsive efficiency of the follower rows was achieved when morphing
the wings by the combination of the first bending and twisting modes in a five-body V-
formation. The simulation results also demonstrated an improvement in the global thrust
and power coefficients as well as the propulsive efficiency when increasing the number of
members in the V-formation. Finally, the aerodynamic analysis revealed that the active mor-
phing using the first mode shape of bending and twisting is more beneficial for improving
the performance of the formation compared to combined-mode morphing including the
second mode shapes. Furthermore, the wing morphing was observed to improve the thrust
coefficient and reduce the power coefficient in both solo and V-formation flights. This
indicates that wing morphing enables faster forward flight and less power consumption.



Drones 2021, 5, 90 21 of 22

On the other hand, wing morphing did not provide any noticeable aerodynamic benefit in
terms of lift generation.
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