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Abstract: Many research studies have investigated the characteristics of bird flights as a source of
bioinspiration for the design of flapping-wing micro air vehicles. However, to the best of the authors’
knowledge, no drone design targeted the exploitation of the aerodynamic benefits associated with
avian group formation flight. Therefore, in this work, a conceptual design of a novel multi-flapping-
wing drone that incorporates multiple pairs of wings arranged in a V-shape is proposed in order
to simultaneously increase the propulsive efficiency and achieve superior performance. First, a
mission plan is established, and a weight estimation is conducted for both 3-member and 5-member
configurations of the proposed air vehicle. Several wing shapes and airfoils are considered, and
aerodynamic simulations are conducted, to determine the optimal planform, airfoil, formation angle,
and angle of attack. The simulation results reveal that the proposed bioinspired design can achieve a
propulsive efficiency of 73.8%. A stability analysis and tail sizing procedure are performed for both
3-member and 5-member configurations. In addition, multiple flapping mechanisms are inspected for
implementation in the proposed designs. Finally, the completed prototypes’ models of the proposed
multi-flapping-wing air vehicles are presented, and their features are discussed. The aim of this
research is to provide a framework for the conceptual design of bioinspired multi-flapping-wing
drones and to demonstrate the sizing, weight estimation, and design procedures for this new type
of air vehicles. This work establishes the first multi-flapping-wing drone design which exploits the
aerodynamic features of the V-formation flight observed in birds to achieve superior performance in
terms of payload and endurance.

Keywords: multi-flapping-wing drones; bioinspiration; unsteady aerodynamics; formation flight;
sizing process

1. Introduction

Many research efforts have focused on birds as the source of bioinspiration for the
design of flapping-wing air vehicles [1-5]. For example, Hassanalian et al. [1,2] presented
the sizing process and weight estimation of a bioinspired flapping-wing micro air vehicle
(FWMAV) named Thunder I. This FWMAYV used a mockingbird-inspired planform with
a wingspan of 0.7 m. Furthermore, flight tests demonstrated an endurance of 11-13 min
using moderate throttle input and excluding any extra payload.

The use of flapping wings in a single drone design has been investigated [6—11]. The
dragonfly is a notable source of bioinspiration for flapping-wing air vehicles incorporating
multiple wings. A well-established air vehicle of this design is Festo’s BionicOpter, a
commercially developed, dragonfly-inspired flapping-wing air vehicle capable of hovering,
multidirectional flight, and gliding [6]. In addition, Lane et al. [7] investigated dragonfly-
inspired flapping mechanisms which used four wings based on the bumblebee planform.
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Two flapping mechanisms were investigated and one of the mechanisms was selected to
measure the aerodynamic forces produced on a thrust stand. Of interest, there also exists a
flapping-wing air vehicle named the NUS-Roboticbird which is inspired by insect flight [8].
This design incorporated two pairs of flapping wings and does not require the use of a tail.
Instead, stroke plane modulation along with frequency variation were used in order to
control roll, pitch, and yaw. The fabricated design demonstrated the ability to hover and
exhibited multidirectional flight capabilities.

From the aforementioned examples, flapping-wing air vehicle designs incorporating
more than one pair of wings commonly use insects as the primary source of bioinspiration.
Interestingly, the formation flight of birds may provide a unique source of bioinspiration
for the design of novel efficient drones including multiple pairs of flapping wings. To
elaborate, there exist some species of birds which have been observed to fly together in
a V-shape arrangement called “V-formation” [12-16]. Throughout the literature, studies
have demonstrated that this arrangement helps the group of birds to save energy and
increase endurance. First, Lissaman and Schollenberger [12] theorized that 25 birds flying
in formation could achieve an increase in range of up to approximately 70% compared to a
bird flying alone. Furthermore, a study on pelicans trained to fly in V-formation found that
both heart rate and wingbeat frequency decreased compared to a bird in solo flight [17].
From a computational perspective, Ghommem et al. [18] used an aerodynamic solver based
on the unsteady vortex lattice method (UVLM) to analyze the aerodynamic performance
of multiple pairs of flapping wings arranged in a V-formation. Using the optimal spacing
parameters for an arrangement of seven members, simulation results revealed a significant
increase in the lift and thrust coefficients and a decrease in the power coefficient for every
member in the group in comparison with the solo configuration. More recently, a numerical
study was conducted using a Navier—Stokes-based immersed boundary method solver
to simulate multiple FWMAVs in V-formation flight. In this study, both a 3-member and
5-member configuration were considered, and the impact of several key parameters on
the aerodynamic performance was investigated. These include the lateral, longitudinal,
and vertical separation distances in addition to the phase difference between the flapping
motion of each member. The numerical results showed that, compared to a solo flight, the
thrust and lift could be increased by 25% and 14%, respectively, when flying in V-formation.
On the other hand, a reduction of 19% in both lift and thrust was possible, depending on
the separation distance between members and phase difference [19].

Based on these observations, it is evident that multiple flapping wings in V-formation
flight can result in significant performance benefits for the group compared to a single
flapping wing. Several research studies investigated the feasibility of swarms or groups
of drones flying in formation [20-23]. However, the arrangement of multiple pairs of
flapping wings in a single vehicle based on the formation flight of birds has not been
reported up to this point. In this work, a novel drone design that exploits the aerodynamic
benefits of formation flights to achieve superior performance in terms of lift generation
and endurance is proposed. Therefore, the goal of this work is to develop a conceptual
design for a multi-flapping-wing drone (MFWD) that incorporates multiple pairs of wings
in V-formation in order to increase the propulsive efficiency with an effective design of
the formation angle, angle of attack, wing shape, and airfoil. This work is the first to
propose a multi-flapping-wing drone design which is made of multiple flapping wings
fixed in a V-shaped arrangement in order to exploit the aerodynamic features of birds in
formation flight. To do so, first, a mission plan is established, and a weight estimation is
carried out for both 3-member and 5-member configurations of this type of air vehicle.
Next, different wing shapes and airfoils are considered and aerodynamic simulations
using UVLM are conducted to identify the optimal planform, airfoil, formation angle, and
angle of attack for the selected mission. UVLM is a well-established method that has been
extensively used for the aerodynamic analysis of flapping wings [18,24-27]. UVLM requires
much less computational resources and simulation time in comparison to high-fidelity
CFD tools, which makes the present method suitable to perform a rapid and reasonably
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accurate exploration of a large design space. Following a sizing method, horizontal and
vertical tails are selected to secure the static stability of the air vehicle. Several flapping
mechanisms are discussed and considered for implementation in the design. Finally, the
completed prototypes’ models of both the 3-member and 5-member designed vehicles
are presented and their features are discussed. The contribution of the present work is a
comprehensive study on the design process of a novel multi-flapping-wing drone. The
design study includes sizing and weight estimation processes along with an unsteady
aerodynamic analysis, stability analysis, and overview of the actuation mechanism and
the development of a full CAD model. The simulation results obtained from the present
methodology demonstrate significant increases in the propulsive efficiencies of up to 71%
and 74% corresponding to the 3-member and 5-member drone designs, respectively.

2. Mission Plan Description

The novel MFWD discussed in this work has several potential applications. First,
the drone may be deployed to survey an area in search of a target. Such is the case in
reconnaissance applications, where surveillance of sensitive areas must be conducted with
low risk of detection. Due to the flapping motion of the wings along with the naturally
occurring V-formation, this drone is well-suited for blending in with the environment.
Additionally, custom paint and feather-like patterns may be added to the design to further
convey the appearance of a flock of birds when viewed from a distance. Alternatively, an
enhanced endurance of this drone is expected to improve search and rescue applications,
where longer flight times may be required to identify a lost individual. Given these
applications, a mission plan is established to demonstrate how this drone may be used
to identify a target and record its location. This mission plan is shown in Figure 1 and
is conducted as follows. First, the drone is hand-launched to allow the wings to begin
flapping and avoid intersection with the ground. Next, the drone will ascend to the desired
altitude before searching for the target. Depending on the application, this cruising altitude
may be higher for increased stealth or lower for better visibility of the ground. In order
to maintain this altitude, the flapping wings are oriented at a fixed angle of attack such
that the total lift is equal to the weight. In addition, the position of the elevons in the tail
may be adjusted during flight to trim the angle of attack as needed to maintain a constant
cruising altitude. After reaching the desired altitude, the drone will fly at a cruising speed
of 8.5 m/s with a flapping frequency of 3 Hz. This cruising speed is proven to be achievable
by Thunder I [1], and the selected flapping frequency is similar to that noted in observations
of the black-browed albatross [28]. The next step is to initiate a sweeping procedure to
thoroughly inspect the area for the target. By performing the sweep, the drone will attempt
to locate the target and record its coordinates using an onboard computer and GPS module.
After recording the location, the drone will return and start the descent back to its original
location. In order to descend, the drone may reduce its flapping frequency and transition to
a glide during the final approach. For the glide transition, the wings will lock at a flapping
amplitude of 0 degrees (horizontal) to avoid intersection of the wings and crankshaft with
the ground. In addition, wheels are mounted underneath the MFWD in order to prevent
damage when landing on a hard surface.
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Figure 1. Mission plan description. Steps include takeoff, ascension to cruising altitude, area sweep, target acquisition,

descension, and landing.

3. Sizing and Weight Estimation

Throughout the course of this work, Thunder I serves as the reference design and
inspiration, given its successful flight demonstration [1,2]. In addition, the cruising velocity
and wingspan are similar to the values proposed for the MFWD. However, the aspect
ratio selected for the MFWD is set to 10.56, which is constrained by one of the considered
planforms, as will be discussed in the subsequent section. This aspect ratio is larger than
that used for Thunder I, and results in a smaller wing surface area of 0.0684 m? compared
to the 0.127 m? surface area of Thunder I. This difference is considered in Equation (1) when
estimating the structural weights. It is important to note that throughout this analysis, the
term “weight” refers to the calculated value in grams (g) rather than Newtons (N). The
weight estimation is conducted as follows. First, the preliminary estimation is calculated
using Equation (1).

Wpr_mrwp = N(We—t1+(Smrwp/ St1)Ws—11) 1)

Here, Wp_ pmrwp represents the preliminary weight estimation of the MFWD. Fur-
thermore, Wg_7; and Ws_7] represent the electrical and structural weights of Thunder I
and are set equal to 135 g and 215 g, respectively [1]. Syipwp and St denote the surface
areas of the MFWD and Thunder I, respectively, while N denotes the number of members
used in the MFWD configuration. In general, the electrical and structural weights for a
flapping-wing drone are given by [2]:

Welectrical = Wbuttery + Wpuyload+wavionics+Wpawerplant 2)

With the exception of the battery, the weights of each of these electrical categories are
further divided as follows:

Wpayloud = Wioads + Wsensors+Weameras + Wother ®3)
Wavionics = Wservos + Wactuation motors +Wreceivers + Wnavigation system (4)
Wpowerplant = Warive motors + Wspeed controllers @)

Furthermore, the structural weights are subdivided as shown in Equation (6):

Witructural = Wwing + Wtail+quselage+wmechunism + Wother (6)
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Then, the weight of the wing is given by:

Wwing = Wwing structure+wwing membrane T Weonnections (7)

where
Wwing structure :Wleuding edge spars+wdiugonul spars + Wribs ®)

The remaining structural weights are then broken down further using the follow-
ing equations:

Wiait =Whail structure+Wtail membrane + Weonnections 9)
quselage :quselage structure"‘wcupe + Weonnections (10)
Winechanism = gearbox"’wlinking burs‘l'wcmnkshuft + Wjoints+wexternul parts (11)

Furthermore, Hassanalian and Abdelkefi [2] listed percentages of the total weight
corresponding to the powerplant, payload, battery, avionics, and structural components
for three different categories based on common MAV weight ranges. For the weight
range applicable to Thunder I, these percentages are set to 16%, 1%, 14%, 9%, and 60%,
respectively. These percentages are then applied to the preliminary weight estimation
for each category. However, for the “Structural” category, extra weight is considered to
account for the additional structural components needed to separate the members. This
extra weight increases the preliminary weight estimation by 10%, and this increased value
is now referred to as the baseline weight estimation. This value is listed for both the
3-member and 5-member MFWD configurations as the first “Total” in Tables 1 and 2. Next,
two additional estimations are considered for applications requiring increased endurance,
requiring the use of a larger battery. To this end, sufficient weight is added to the “Battery”
category in order to increase the baseline weight estimation by both 10% and 25%. The
final calculated values for each category and each weight estimation are presented in
Tables 1 and 2 for both configurations.

Table 1. The 3-member MFWD weight estimation and breakdown by category.

3-Member Drone = Powerplant Payload  Battery  Avionics  Structural Total

Base weight est. (g) 120.4 7.5 105.3 67.7 526.7 827.6
Welghfoijt (8) + 120.4 7.5 188.1 67.7 526.7 9104
Welghzt;;t- (8) + 120.4 7.5 3122 67.7 526.7 1034.5

Table 2. The 5-member MFWD weight estimation and breakdown by category.

5-Member Drone  Powerplant Payload  Battery  Avionics  Structural Total

Base weight Est. (g)  200.6 125 175.6 112.9 877.8 1379.4
We‘ghltoift' (8) + 200.6 12,5 313.5 112.9 877.8 1517.3
We‘ghzt;;t' (8) + 200.6 12,5 520.4 112.9 877.8 1724.2

4. Aerodynamic Analysis: Role of Bioinspiration and Effective Design of the
Formation Angle and Angle of Attack

Following the weight estimation procedure, aerodynamic simulations are conducted
using a Fortran-based implementation of the unsteady vortex lattice method (UVLM). This
UVLM-based aerodynamic solver is used primarily given its capability to capture unsteady
effects associated with flapping motion [18]. This method is relatively fast in comparison
with Navier-Stokes-based solvers, which require much more computational resources [29].
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In this method, the wing surface is first discretized into the desired number of spanwise
and chordwise panels, and vortex rings are offset by one-fourth of each panel’s local chord
length. Collocation points are placed at the center of each vortex ring, and these rings
induce a velocity on the points according to the Biot-Savart law. After the first time step,
the vortex rings at the trailing edge of the wing are shed to constitute the first row of the
wake vortex rings, which maintain a constant strength and move with the local velocity.
Imposing the no-penetration condition, the velocities induced on each collocation point
by the bound (lifting surface) and wake vortex rings are set equal to the normal velocity
at each point resulting from the flapping motion of the wings. Through this relationship,
the vortex strengths at each time step are computed, which enables the calculation of the
aerodynamic loads. As for the present analysis, the number of panels and time steps used
in this method are selected to secure convergent solutions. For more information on the
unsteady vortex lattice method, the reader is referred to [30]. It should be noted that the
implementation of the present aerodynamic solver has been verified by comparing the
simulation results of flapping wings arranged in a V-shape against previously-published
numerical results [18].

Three wing shapes are considered for the following analysis, namely, the albatross,
elliptical, and rectangular planforms, as shown in Figure 2. To specify these wing shapes,
equations for the leading and trailing edges are determined analytically for both the
elliptical and rectangular wing shapes. Then, the Image Processing Toolbox in MatLab [31]
is used to isolate the profile of the albatross wing shape from a top-down view, allowing
polynomials to be fit to both the leading and trailing edges. In addition, the cambered Selig
1223 and the symmetric NACA 0012 airfoils are selected to investigate the effects of camber
on lift production (see Figure 3). Of interest, UVLM only requires the camber line to be
specified for creating the wing mesh. Therefore, the camber line of the NACA 0012 airfoil
is simply described using a straight line, while the camber line of the Selig 1223 is specified
using a polynomial fit. The simulation parameters used in the present work are presented
in Table 3.

(b) (0)

Figure 2. (a) Albatross, (b) elliptical, and (c) rectangular wing shapes used for planform variety.

Selig 1223

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
NACA 0012

Figure 3. Selig 1223 and NACA 0012 airfoils selected for camber variety [32].
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Table 3. UVLM simulation parameters.

Wingspan 0.85m
Surface area 0.0684 m?2
Following distance 0.283 m
Velocity 8.5m/s
Flapping amplitude 45 degrees
Flapping frequency 3Hz

For the first set of simulations, the NACA 0012 camber line is selected and applied
to each wing shape. It should be mentioned that UVLM is only applicable for relatively
small angles of attack [24]. Therefore, the highest simulated angle of attack is selected as
7 degrees, and is applied first for the NACA 0012 camber line to determine if enough lift is
produced to counterbalance the total weight. Furthermore, formation angles between 116
and 173 degrees are tested to determine their influence on the total lift produced by the
MFWD. For reference, a top-down schematic of five members arranged in V-formation is
shown in Figure 4.

N

I

N ’
~ 7
~ 7
~ 7
N s
N ,
N s
~ 7
N ’
N ’
N ’
N ’
N ’,
BN (_Z ’ = X,el
N TS,
\( 7
. 2

Flight N o
Direction Member 1

Figure 4. Top-down view of five members flying in V-formation. Here, a corresponds to the formation angle and X,,;

corresponds to the lateral separation distance. Each follower row consists of two members.

4.1. Multi-Flapping-Wing Drone’s Design for 3-Member Configuration

For the NACA 0012 airfoil, a 3-member V-formation is first considered. Figure 5 shows
the variations of the total lift with the formation angle «. The aerodynamic simulation
results reveal that none of the wing shapes produces enough total lift from the three
members to meet or exceed the baseline weight estimation. Therefore, because 7 degrees
is deemed the highest acceptable value for the angle of attack, the NACA 0012 airfoil
profile is found to produce insufficient lift for this application. However, there are a few
interesting things to note about these results. For one, it is evident that as the formation
angle increases, the peak in the total lift for each wing shape occurs between 120 and
130 degrees. In addition, for this airfoil profile and set of input parameters, the elliptical
wing shape results in the highest combined lift across the range of tested formation angles
in comparison with the other two wing shapes. In summary, the key observation from these
results is that the NACA 0012 airfoil is found to be inadequate, and then the Selig 1223
airfoil is used for all remaining simulations. It should be noted that for all aerodynamic
simulations, the results generated over the range of formation angles are smoothened using
a moving mean with a 5-degree sliding window.
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Total Lift vs. Base Weight Estimation
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Figure 5. Total lift produced for each wing shape using the NACA 0012 camber line. A 3-member
V-formation is used for each wing shape.

The subsequent set of simulations uses the Selig 1223 airfoil to satisfy the lift require-
ments. Furthermore, the angle attack is varied between 0 and 7 degrees along with the
formation angle as per the previous range to identify the suitable configuration that pro-
duced the required lift for each of the three weight estimations. In Figure 6, the total lift
generated for each one of the wing shapes is represented as a surface with a unique color.
Additionally, each of the three weight estimations are represented as a dark plane, with
increasing transparency as the weight increases. As observed when using a symmetric
airfoil, the total lift reaches a peak when the formation angle is between 120 and 130 degrees
for all angles of attack. It should also be noted that the albatross and elliptical wing shapes
produce similar levels of the total lift, although the albatross wing shape results in slightly
higher values. In addition, both of these wing shapes outperform the rectangular wing
shape in terms of total lift. Each surface corresponding to its wing shape intersects with
the weight estimation planes at unique combinations of the angle of attack and formation
angle. In other words, varying the formation angle results in a different corresponding
angle of attack at the intersection point for each wing shape and each weight estimation.

All Shapes, 3 Members, Selig 1223

Il Albatross, Total

mm Elliptical, Total

EERcctangular, Total

I Weight Est.

1200 | |y Weight Est. + 10%
Weight Est. + 25%

1100 -

—

<1000 |

Lifi

900 -|
800 -

o

a (Degrees)

AOA (Degrees)

Figure 6. Total lift produced by a 3-member V-formation of each wing shape over a range of formation
angles and angles of attack. The dark, transparent planes correspond to the base weight estimation
as well as the two overestimations of 10% and 25%.
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There are two methods for selecting the most effective formation angle. First, the
formation angle may be selected as the point at which the mean coefficient of lift produced
by the follower row is maximized. It should be noted that the term “mean coefficient”
refers to the averaged coefficient over a single flapping cycle, and applies to the lift, thrust,
and power results shown in Figure 7a—c, respectively. As an example, Figure 7a is used to
select this peak formation angle for the albatross wing shape. Alternatively, Figure 7d may
be utilized to select the formation angle corresponding to the peak propulsive efficiency
achieved by the follower row. Here, the propulsive efficiency refers to ratio of the power
used to propel the wing in the forward direction over the aerodynamic power [25]. After
selecting the formation angle, the corresponding angle of attack is obtained from the inter-
section of the weight estimation plane and the total lift plane. Following this methodology,
the corresponding formation angle and angle of attack are listed in Tables 4-6 when maxi-
mizing either the mean coefficient of lift or peak propulsive efficiency of the follower row
for each of the different wing shapes.

14 - -AOA = 0, Leader 0.21p

—————— —AOA = 0, Follower Row 1
1.3 N - -AOA = 1, Leader

N —AOA = 1, Follower Row 1
190 == = — AOA = 2, Leader

. T AOA = 2, Follower Row 1
== == - -AOA = 3, Leader

‘6‘ 11 — AOA = 3, Follower Row 1
— Y —— |--AOA=d Leader

—AOA = 4, Follower Row 1
1 - -AOA = 5, Leader

N —AOA = 5, Follower Row 1
09F __ - -AOA = 6, Leader

N —AOA = 6, Follower Row 1

- -AOA = 7, Leader
08 —AOA = 7, Follower Row 1 0.15 ! . . . . )
120 130 140 150 160 170 120 130 140 150 160 170

Formation Angle (Degrees) Formation Angle (Degrees)
(a) (b)

120 130 140 150 160 170 ' 120 130 140 150 160 170
Formation Angle (Degrees) Formation Angle (Degrees)
(c) (d)

Figure 7. Average coefficient of (a) lift, (b) thrust, (c) power, and (d) propulsive efficiency over a range of formation angles
for the leader and the first follower row using the albatross wing shape. The angle of attack is varied between 0 and
7 degrees.

Table 4. Formation angle, angle of attack, and global propulsive efficiency for the albatross wing
shape in a 3-member formation corresponding to the total lift required to meet each of the proposed
weight estimations when prioritizing either lift or efficiency.

Albatross Peak Follower Lift Peak Follower Efficiency
3 Members Base Est. +10% +25% Base Est. +10% +25%
Weight estimation 827.7¢g 9105¢g 1034.7 g 827.7¢g 9105¢g 1034.7 g
Formation angle 129 129 128.5 139 139 138
Angle of attack 0.1793 1.5150 3.5229 0.3726 1.7303 3.7364

Global efficiency 0.6939 0.6613 0.5993 0.7137 0.6800 0.6178
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Table 5. Formation angle, angle of attack, and global propulsive efficiency for the elliptical wing
shape in a 3-member formation corresponding to the total lift required to meet each of the proposed
weight estimations when prioritizing either lift or efficiency.

Elliptical Peak Follower Lift Peak Follower Efficiency
3 Members Base Est. +10% +25% Base Est. +10% +25%
Weight estimation ~ 827.7 g 9105g  10347g  827.7¢g 9105g 10347 g
Formation angle 127 127 127 138 138 138
Angle of attack 0.2961 1.6291 3.6329 0.4911 1.8409 3.8728
Global efficiency 0.6484 0.6126 0.5478 0.6718 0.6349 0.5688

Table 6. Formation angle, angle of attack, and global propulsive efficiency for the rectangular wing
shape in a 3-member formation corresponding to the total lift required to meet each of the proposed
weight estimations when prioritizing either lift or efficiency.

Rectangular Peak Follower Lift Peak Follower Efficiency
3 Members Base Est. +10% +25% Base Est. +10% +25%
Weight estimation 827.7¢g 9105¢g 1034.7 g 827.7¢g 9105¢g 1034.7 g
Formation angle 128 128 128 141 141 141
Angle of attack 1.0934 2.4379 4.4720 1.2616 2.6283 4.6898
Global efficiency 0.5926 0.5605 0.5004 0.6148 0.5813 0.5228

Tables 4-6 provide several insights regarding the performance of the different wing
shapes. In Table 4, corresponding to the albatross wing shape, it is evident that when the
mean coefficient of lift for the follower row is maximized, higher angles of attack are needed
as the weight estimation increases. Additionally, the formation angle for maximizing the
follower’s lift remains generally the same across each of the three weight estimations.
When the propulsive efficiency of the follower row is maximized, the formation angle
also remains relatively unchanged, but the angle of attack still demonstrates an increasing
trend as the weight estimation is increased. With these combinations of parameters,
new aerodynamic simulations are conducted to determine the corresponding propulsive
efficiencies. These simulations demonstrate that, with increasing the weight and angle of
attack, the global propulsive efficiency tends to decrease. Here, the term “global” refers to
the average of the leader and follower row propulsive efficiencies. Indeed, since an increase
in the angle of attack tends to create more induced drag, this would lead to a decrease in
efficiency. This decreasing trend in propulsive efficiency is true for both the lift-prioritized
simulations and the efficiency-prioritized simulations. However, the propulsive efficiency
values for each of the predicted weights in the efficiency-prioritized simulations are higher
than those obtained in the lift-prioritized simulations. Therefore, it is decided that the
efficiency should be prioritized rather than the lift because higher propulsive efficiencies
can be achieved for each of the estimated weights while still producing the required lift.
All of the mentioned trends noted in the albatross wing shape are also observed for the
other two wing shapes. However, the albatross wing shape results in highest propulsive
efficiencies for each weight estimation in both the lift-prioritized and efficiency-prioritized
simulations compared to the corresponding efficiencies for both of the other wing shapes.
Therefore, the albatross wing shape is deemed the most effective option for the design of
the 3-member MFWD.

Figure 8 illustrates the propulsive efficiency of the leader and follower row for all
wing shapes when the baseline +10% weight estimation is considered, and the combination
of the formation angle and angle of attack is based on the prioritized propulsive efficiency
of the follower row. For all wing shapes, these values for the leader and follower row
propulsive efficiency are averaged together to denote the global propulsive efficiency
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reported in the last row of Tables 4-6. It follows from Figure 8 that the albatross-inspired
wing shape is performing better for the global efficiency, as shown in Tables 4-6, and
for the leader and follower row individual efficiencies compared to the elliptical and
rectangular counterparts.

0.8 - \

QLeader-Followef Row 1

0.6 -

=04

0.2

Albatross Elliptical Rectangular

Figure 8. Leader and follower row 1 propulsive efficiency for the three considered wing shapes
corresponding to the formation angle and angle of attack when prioritizing efficiency at the baseline
+10% weight estimation.

4.2. Multi-Flapping-Wing Drone’s Design for 5-Member Configuration

Next, the same analysis is conducted while considering the 5-member configuration
using each wing shape. Conveniently, the range of the formation angle and angle of attack
may be narrowed down based on the results of the 3-member configuration shown in
Tables 4-6 to speed up the computational aerodynamic simulations. Therefore, the range
for the formation angle is reduced to 120-150 degrees, while the range for the angle of
attack is reduced to 0—4 degrees. The three weight estimation planes along with the surfaces
representing the total combined lift for each wing shape are shown in Figure 9. As shown in
Figure 6, the albatross and elliptical wing shapes produce similar values for total lift across
all formation angles and angles of attack, but the albatross wing shape still has a slight
advantage. Furthermore, the rectangular wing shape still produces the least values for
total lift out of all tested wing shapes. As before, the intersections of the total lift surfaces
with the weight estimation planes are determined, and the corresponding formation angles
and angles of attack are identified for each of the wing shapes when prioritizing for either
lift or efficiency of the followers. It should be noted that, for the rectangular wing shape
only, the total produced lift is not able to reach or exceed the highest estimated weight
for the tested range of angles of attack. Therefore, the baseline +25% weight estimation
is ignored for the rectangular 5-member configuration in Tables 7-9 only. Similar to the
results presented for the 3-member configuration, the mean coefficients of lift, thrust, and
power along with the propulsive efficiency, as function of the formation angle, are depicted
in Figure 10. However, for the 5-member configuration, there are two follower rows instead
of only one. Therefore, in order to determine the appropriate formation angle, the peak
corresponding to the average of the two follower rows is used.
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Figure 9. Total lift produced by a 5-member V-formation of each wing shape over a range of formation
angles and angles of attack. The dark, transparent planes correspond to the base weight estimation
as well as the two overestimations of 10% and 25%.

Table 7. Formation angle, angle of attack, and global propulsive efficiency for the albatross wing
shape in a 5-member formation corresponding to the total lift required to meet each of the proposed
weight estimations when prioritizing either lift or efficiency.

Albatross Peak Follower Lift Peak Follower Efficiency
5 Members Base Est. +10% +25% Base Est. +10% +25%
Weight estimation 13795 ¢ 15175 ¢ 17244 g 13795 ¢ 15175 ¢ 17244 ¢
Formation angle 129 128 128.5 140 138 138.5
Angle of attack 0.0781 1.4102 3.4218 0.3936 1.6631 3.7254
Global efficiency 0.7073 0.6743 0.6193 0.7383 0.7100 0.6501

Table 8. Formation angle, angle of attack, and global propulsive efficiency for the elliptical wing
shape in a 5-member formation corresponding to the total lift required to meet each of the proposed
weight estimations when prioritizing either lift or efficiency.

Elliptical Peak Follower Lift Peak Follower Efficiency
5 Members Base Est. +10% +25% Base Est. +10% +25%
Weight estimation 13795 ¢ 15175 ¢ 17244 g 13795 ¢ 15175 ¢ 17244 ¢
Formation angle 127 128 128 138 137 137
Angle of attack 0.2242 1.5561 3.5564 0.4762 1.7833 3.8095

Global efficiency 0.6624 0.6393 0.5786 0.7024 0.6662 0.6045
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Table 9. Formation angle, angle of attack, and global propulsive efficiency for the rectangular wing
shape in a 5-member formation corresponding to the total lift required to meet each of the proposed
weight estimations when prioritizing either lift or efficiency.

Rectangular Peak Follower Lift Peak Follower Efficiency
5 Members Base Est. +10% +25% Base Est. +10% +25%
Weight estimation 13795¢ 15175¢ 17244 ¢ 13795¢ 15175¢ 17244 ¢
Formation angle 130 131.5 N/A 141 140 N/A
Angle of attack 1.0942 2.4540 N/A 1.2836 2.6155 N/A
Global efficiency 0.6066 0.5854 N/A 0.6407 0.6077 N/A

- -AOA = 0, Leader
—AOA = 0, Follower Row 1
-+ AOA = 0, Follower Row 2
- -AOA = 1, Leader
—AOA = 1, Follower Row 1
AOA = 1, Follower Row 2
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AOA = 2, Follower Row 1
AOA = 2, Follower Row 2|
- -AOA = 3, Leader
—AOA = 3, Follower Row 1
-+ AOA = 3, Follower Row 2
- -AOA = 4, Leader
" |—AOA = 4, Follower Row 1
AOA = 4, Follower Row 2
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Figure 10. Average coefficient of (a) lift, (b) thrust, (c) power, and (d) propulsive efficiency over a range of formation angles
for the leader and follower rows 1 and 2 using the albatross wing shape.

Tables 7-9 demonstrate the same trends observed for the 3-member configuration.
Each weight estimation is again considered when prioritizing either follower lift or propul-
sive efficiency for the 5-member configuration of each shape. For each weight estimation,
a formation angle is selected based on the prioritization method, and the corresponding
angle of attack is found by locating the intersection of the total lift surface with the weight
estimation plane. Then, these combinations of the formation angle and angle of attack are
used in new simulations to determine the corresponding global propulsive efficiencies. To
reiterate, the global propulsive efficiency refers to the average of the leader and follower
row propulsive efficiencies. Here, it is evident that for each wing shape and each prioriti-
zation method, the angle of attack increases while the propulsive efficiency decreases for
increasing weight. Furthermore, it should be noted that for each wing shape, the efficiency-
prioritized simulations result in higher propulsive efficiencies for each weight estimation
compared to the lift-prioritized simulations. Finally, it is shown that the albatross wing
shape has the highest propulsive efficiencies compared to the corresponding values for the
other wing shapes and other prioritization cases. Therefore, the albatross wing shape is
again deemed the most effective choice for the 5-member design of the MFWD.
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Figure 11 shows the propulsive efficiency for the leader and both follower rows
corresponding to each wing shape when maximizing the propulsive efficiency of the
follower rows at the baseline +10% weight estimation. Here, the albatross wing shape
outperforms the other two wing shapes in terms of leader and follower row propulsive
efficiencies in addition to the overall efficiency shown in Tables 7-9. Of interest, every wing
shape demonstrates a higher propulsive efficiency for the follower rows compared to the
leader, and follower row 2 slightly outperforms follower row 1.

0.8 ‘ﬁLeader-Followef Row 1mFollower Row 2

0.6

0.4

0.2

Albatross Elliptical Rectangular

Figure 11. Propulsive efficiency of the leader and follower rows 1 and 2 for each wing shape
corresponding to the formation angle and angle of attack when prioritizing efficiency at the base
+10% weight estimation.

4.3. Comparative Efficiency Study between the 3- and 5-Member Flapping-Wing Configurations

As stated previously, the optimal selection for both the 3- and 5-member configurations
is found to be the combination of the formation angle and angle of attack that prioritizes the
propulsive efficiency of the follower using the albatross wing shape. A summary of these
results is shown in Table 10. Here, it is evident that the global propulsive efficiency is higher
for the 5-member configuration compared to the 3-member configuration for all weight
estimations. However, the total weight of each estimation is higher for the 5-member
configuration compared to that of the 3-member configuration. In addition, the wake
plots for these optimal 3- and 5-member configurations using the albatross wing shape
corresponding to the baseline +25% weight estimation are shown in Figures 12 and 13,
respectively. The wakes in these figures correspond to the history of the vorticity generated
over the flapping cycle by the members in each formation.

Table 10. Summary of best configurations obtained from the aerodynamic analysis. The formation
angle corresponding to the peak of the follower row propulsive efficiency is used.

Albatross 3 Members 5 Members
Selig 1223 Base Est. +10% +25% Base Est. +10% +25%
Weight estimation 827.7¢g 9105¢g 1034.7 g 13795 g 15175g  17244¢
Formation angle 139 139 138 140 138 138.5
Angle of attack 0.3726 1.7303 3.7364 0.3936 1.6631 3.7254

Global efficiency 0.7137 0.6800 0.6178 0.7383 0.7100 0.6501
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15

Figure 12. Wake vortices produced by the albatross wing shape in a 3-member V-formation, where
the color corresponds to the vorticity strength.

15

0.5

-0.5

Figure 13. Wake vortices produced by the albatross wing shape in a 5-member V-formation, where
the color corresponds to the vorticity strength.

5. Stability Analysis and Tail Sizing

After determining the appropriate wing shape, airfoil, and formation angle, a 2-D
stability analysis is conducted based on the separation of the fuselage, tail, and flapping
wings. The purpose of this analysis is to estimate the position of the aerodynamic center
relative to the center of gravity and to determine the length of the tail arm for the tail sizing
process. Each of the main components are arranged from a top-down perspective based
on the number of members, formation angle, separation distance, and the approximated
location of the fuselage and tail. For the 3-member configuration, the fuselage is placed
19 cm in front of the leader, while the tail is placed 38 cm behind the follower row. For
the 5-member configuration, the fuselage is placed 22 cm in front of the leader, and the
tail is placed 38 cm behind the second follower row. These values for the tail and fuselage
in each configuration are estimated based on their positions relative to the leader and
last follower row in the CAD model. In this analysis, each of the main components is
represented as a point mass, with a percentage of the electrical and structural masses
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assigned to each component. In this stability analysis, the weights corresponding to the
baseline +25% estimation are used for reference. For the structural category, 70% of the
weight is distributed evenly among the members, while 10% and 20% are assigned to the
fuselage and tail, respectively. For the electrical category, the distribution is based on the
weights of each electrical subcategory shown in Tables 1 and 2. The weight of the brushless
motors (powerplant) is distributed evenly among each of the members, while 50% of the
avionics are assigned to the tail as servo motors. Then, the other 50% of the avionics, along
with the weight of the battery and payload, are assigned to the fuselage.

Assigning the position and the weight of the main component, the center of gravity in
the x- and y-directions is estimated as follows:

N
o quselagexfuselage + WhaitXtair + Zi:l Winember iXmember i

CGx =
quselage + Wi + Zi:l Winember i

(12)

N
. quselugeyfuseluge + WhaitYtait + Zi:1 Winember iYmember i
quselage + Wtail + Zf\il Wmemher i
Here, CG is the center of gravity, Wr,s.14g. represents the weight of the fuselage, Wi,

CG,

(13)

is the weight of the tail, and W,,e,uper ; denotes the weight of the i member in the formation,
where N corresponds to the total number of members in the formation. In addition, N is
assumed to be odd and greater than or equal to 3. Similarly, x and y for each component
corresponds to its estimated lateral and longitudinal position, respectively. These lateral
and longitudinal positions are given with respect to the leader, which is placed at the origin.

Next, the location of the aerodynamic center is approximated. To do this, it is assumed
that the lift produced by each of the members occurs at the location of their corresponding
point mass. Then, the position of the aerodynamic center is given by:

N-1)/2 =

. EL—leaderxmember 1+ 21(:1 CLfrow i(xmember 2i T Xmember 2i+1)
AC, = L i (14)
CL—leader +2 Zizl CLfrow i
= N-1)/2=
_ CL—leaderymember 1+ 25:1 )/ CLfrow i(ymember 2i + Ymember 2i+1)
ACy = N-1)/2= (15)

ELfleaaler +2 21(:1 CLfrow i

Here, AC refers to the aerodynamic center, C; _jou4, denotes the mean coefficient
of lift of the leader, and C;_,,, ; is the mean coefficient of lift of the ith follower row.
Furthermore, Xemper » aNd Yyemper n cOrrespond to the location of the nth member in the
formation. In this analysis, the values for C; .4, and C_ o, ; are obtained from the
efficiency-prioritized albatross simulations at the baseline +25% weight estimation. Using
Equations (12) and (13) for the 3-member configuration, the positions of the center of
gravity and aerodynamic center are estimated. For the 3-member configuration, the tail
arm is calculated as 47.41 cm, while the center of gravity is located 8.53 cm in front of
the aerodynamic center. To clarify, the tail arm is estimated as the longitudinal distance
between the aerodynamic center and the point mass representation of the tail. Figure 14
corresponds to a 3-member configuration and shows the relative position of the wings,
fuselage, and tail from a top-down view. The formation angle is selected based on the
efficiency-prioritized results for the albatross wing shape at the baseline +25% weight
estimation reported in Table 4. In addition, Figure 14 shows the calculated positions of the
center of gravity and aerodynamic center.
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Figure 14. Location of each pair of flapping wings in a 3-member formation along with the position
of the fuselage, tail, center of gravity, and aerodynamic center. The center of gravity is found to be in
front of the aerodynamic center.

Next, the locations of the aerodynamic center and center of gravity are estimated
for the 5-member configuration. Following the same procedure used for the 3-member
configuration, Figure 15 shows the layout of the 5 members in addition to the position
of the fuselage and tail. The formation angle used for arranging the members is selected
based on the efficiency-prioritized results at the baseline +25% weight estimation for the
albatross wing shape reported in Table 7. For this configuration, the tail arm is found equal
to 60.68 cm, while the center of gravity is located 13.7 cm in front of the aerodynamic center.
These results indicate that the center of gravity is placed in front of the aerodynamic center
for both configurations.
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Figure 15. Location of each pair of flapping wings in a 5-member formation along with the position
of the fuselage, tail, center of gravity, and aerodynamic center. The center of gravity is found to be in
front of the aerodynamic center.

Following the sizing approach presented in [33], the tails are sized using the
following equations:
Soertical = NCVwaing/L (16)
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Shorizontal = NCHESwing/L 17)

where Syerticar and Sporizontal denote the vertical and horizontal surface areas of the tail,
respectively. In addition, N is the number of members in the formation, Cy is the vertical
tail volume coefficient, Cy is the horizontal tail volume coefficient, Sy, is the surface
area of the wing, and L is the length of the tail arm. Finally, b is the wingspan and ¢ is the
standard mean chord, which is the ratio of the wing surface area over the wingspan.

In general, the horizontal tail volume coefficient varies by aircraft type between 0.5
and 1.0, while the vertical tail volume coefficient varies between 0.02 and 0.09 [34]. For the
purpose of this work, the horizontal and vertical tail volume coefficients are assumed to lie
within the ranges 0.5-0.7 and 0.02-0.04, respectively. Using Equations (16) and (17) along
with the assumed ranges for the tail volume coefficients, a range for the expected surface
areas for each configuration is calculated. For the 3-member configuration, the horizontal
and vertical surface areas are found within 0.0174-0.0244 m?2 and 0.0074-0.0147 m?2, respec-
tively. Likewise, for the 5-member configuration, the horizontal and vertical surface areas
are found within 0.0227-0.0317 m? and 0.0096-0.0192 m?, respectively. Given these ranges,
a tail is designed for both the 3-member and 5-member configurations of the MFWD, and
the dimensions are selected based on the expected range for the horizontal and vertical
surface areas. For the 3-member configuration, the resulting horizontal and vertical surface
areas are 0.0225 m? and 0.0113 m?, respectively, and fall within the expected ranges. For the
5-member configuration, the calculated horizontal and vertical surface areas are 0.0288 m?
and 0.0144 m?, respectively. These values also fall within the expected ranges. Figure 16
illustrates the tail designs for the two MFWD configurations. The rudder and elevons are
held in place with a pin and are actuated by servo motors and linkages. It should be noted
that a dedicated servo motor is assigned to each elevon and the rudder to allow pitch, roll,
and yaw control of the drone. To mount these servos, a bracket is designed and attached to
the tail arm about 2 cm in front of the tail.

| 4.00

(a) (b)
Figure 16. Tail dimensions (in centimeters) for the (a) 3-member and (b) 5-member MFWD configurations.

6. Flapping Mechanism Selection

As noted previously, the aerodynamic solver used a flapping frequency of 3 Hz at an
amplitude of 45 degrees for the flapping motion of the wings. Furthermore, the flapping
motion is prescribed using the wing root as the pivot point. Therefore, this amplitude
and pivot point are two of the main constraints for the design of the flapping mechanism.
Different types of mechanisms, shown in Figure 17, are investigated to determine the
benefits and drawbacks of each. Each of the mechanisms listed in this section is discussed
in a comprehensive review by Hassanalian and Abdelkefi [35]. Figure 17a illustrates a
single crank mechanism with two rockers connected to a single pivot on the crank at
one end, and connected to each of the wings at the other. Furthermore, the flapping
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pivot is located at the root of the wings, which is the case for Figure 17b—d as well. The
benefit of this arrangement is that it is the simplest and has light weight. However, a
significant drawback of this design is that the flapping motion is neither harmonic nor
symmetric [36,37]. Figure 17b demonstrates a single crank mechanism with an offset, which
allows for a more symmetric flapping motion and limits the phase difference between the
flapping wings. However, the rockers may cross over each other near the connection at the
crank when they are at the same vertical plane [36,38]. Next, Figure 17c shows a slider crank
mechanism. This design incorporates a single linkage connected to the crank, which in turn
connects at the other end to a piston. This piston is constrained to vertical displacement
and has two connected rockers which allow the wings to flap. This mechanism allows
for symmetric flapping motion and avoids the issue of potential rocker overlap present
in crank with offset shown in Figure 17b. However, some notable drawbacks are that this
system is more difficult to fabricate, and that frictional energy loss is more prevalent due to
the piston-slider assembly [36,38,39]. The double crank mechanism shown in Figure 17d
uses two symmetric cranks, each with its own rocker attached to the flapping wing. These
cranks may be kept in phase using meshed gears between them, which allows for the
symmetric flapping motion. However, one drawback is that this design results in an
increased weight. Additionally, the two gears meshing the crankshafts together may slip
due to the backlash from the flapping motion, which in turn may cause the wings to become
out of phase [36-38,40]. Finally, an alternate configuration for the flapping mechanism
is shown in Figure 17e, which uses a single crank with an offset, similar to the design
shown in Figure 17b. However, this alternate configuration has an independent flapping
pivot for each of the wings, which is offset from the centerline. This design allows for the
same flapping motions as the other options, but also results in a nonsymmetric profile
for the mechanism. Additionally, the introduction of the offset flapping pivot makes this
arrangement impractical for a FWMAV using a biplane configuration [36,41]. Both the
advantages and disadvantages of each mechanism illustrated in Figure 17 are summarized
in Table 11.
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Figure 17. (a) Single crank, (b) crank with offset, (c) slider-crank, (d) double crank, and (e) alternate configuration flapping

mechanisms discussed in [35].



Drones 2021, 5, 64 20 of 25

Table 11. Summary of advantages and disadvantages for different flapping mechanisms discussed

in [35].
Mechanism Advantages Disadvantages
Single Crank nghtest mechamsql and Flzjlppmg motion of the wings is
simple construction neither symmetric nor harmonic
Small phase difference, .
. . . . Rockers may cross near crank if
Crank with Offset symmetric flapping motion, . .
; . they are in the same vertical plane
lightweight
. . L . Complicated assembly, increased
Slider Crank Flapping motion is symmetric friction due to the piston
Double Crank Flapping motion is symmetric Highest weight, comphcate.d
assembly, and gears may slip
Alternate configuration Same flapping motlorT as other Mecham.sm is not symmetrlc,
four-bar mechanisms unsuitable for biplane

Based on the advantages and disadvantages of each mechanism, the double crank
design is selected as the reference for this work. The primary reason for this selection is
the capability to produce a symmetric flapping motion and including the central pivot
at the root of the wings, which was the case for all simulations. In addition, the double
crank mechanism avoids the issue of excess friction present in the slider crank mechanism.
However, the drawback of complicated assembly and the potential for gear slippage still
needs to be addressed. To resolve both of these issues at once, a single lateral crankshaft is
proposed instead of the two longitudinal crankshafts. This single crankshaft eliminates the
meshing gears entirely and ensures that the wings are always in phase while also reducing
complexity of design. This lateral crankshaft has ball joints at the end, which allow for
the connection of rocker linkages to the ball joints mounted on the underside of the wings.
To drive this mechanism, a brushless motor is mounted on a bracket placed at the same
plane as the pivoting axis. Then, two bevel gears are introduced to redirect the rotation
from the motor to the crankshaft [42]. In this way, the wings will remain in phase even in
the unlikely event that gear slippage occurs. The design of this mechanism is illustrated in
Figure 18.

(b)

Figure 18. (a) Top-isometric and (b) bottom-isometric views of the flapping mechanism designed for the MFWD. This
design is a variation on the double crank mechanism discussed in [35] and uses a single crank instead of meshed gears to
prevent slippage.

Next, the 45-degree flapping amplitude is implemented in this flapping mechanism.
To ensure that this flapping amplitude can be achieved, care is taken to determine the
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(a)

appropriate dimensions for the crankshaft and connecting rockers. The key dimensions for
these components are shown in Figure 19a. In addition, the appropriate angle of attack
determined from the aerodynamic analysis is included in the design. To this end, a 16 mm
hole is added to the central mount, and its centerline is inclined at a 3.7-degree angle
relative to the centerline of the pivot. This angle ensures that the wings are mounted at the
appropriate angle of attack. In this assembly, the angle is selected based on the baseline
+25% weight estimation for the efficiency-prioritized albatross simulations.
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Figure 19. (a) Front and (b) side drawings of the MFWD flapping mechanism with key dimensions shown in centimeters.

7. Final Designs of Bioinspired Multi-Flapping Wings Drones

In this section, the final conceptual designs for the multi-flapping-wing drones are
proposed. The design of the 3-member configuration is illustrated in Figure 20. In this
design, several unique features are implemented. First, each of the flapping wings are
arranged using the lateral separation distance and formation angle obtained from the
aerodynamic analysis (optimal configuration based on efficiency-prioritized albatross
simulations). For ease of assembly, each of the flapping wings is contained in a “module”,
which consists of the wings, flapping mechanism, brushless motor, and landing wheel.
The flapping modules are easily interchangeable for ease of adjustment and reparability.
A close-up view of these modules is shown in Figure 21. Furthermore, the modules are
arranged at the appropriate separation distance and formation angle using 16 mm carbon
fiber tubing, which is held together using elbows and cross connectors. Furthermore, a
single fuselage is mounted directly in front of the leader by attaching it to the end of the
carbon fiber support. The fuselage has a conical, hollow design to reduce drag and to fit
the main electrical components such as the battery, receiver, and ESC. Additionally, a flight
computer may be included in the fuselage if autopilot is desired. Next, the tail is mounted
on a carbon fiber support behind the follower row. The elevons and rudder are actuated
with independent servos and linkages which are attached to the support in front of the tail.
The primary function of this tail is to control roll and pitch with the elevons and yaw with
the rudder.
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Figure 20. Final conceptual design of the 3-member bioinspired multi-flapping-wing drone.

(a) (b)

Figure 21. Close-up view of the (a) leading member and (b) port following member in the 3-member MFWD design.

In addition to the 3-member configuration, the final conceptual design for the 5-
member configuration of the MFWD is proposed, as illustrated in Figure 22. This design
incorporates another follower row, which allows for higher payload capacity compared
to the 3-member design. In addition, a larger tail is included in this design as discussed
in Section 5. Furthermore, the fuselage size is increased by 10% to accommodate a larger
battery for powering the brushless motors in the additional follower modules. It should
be noted that this design also incorporates T-connectors for assembling the carbon fiber
support tubing. Similar to the 3-member design, all of the lateral supports are made
of a single carbon fiber tube to increase rigidity. In addition, both designs are easily
customizable to make the appearance more discrete. For example, artificial feathers may
be applied to the flapping modules, while the fuselage, tail, and structural tubing may be
painted to blend in more seamlessly with the atmosphere. This ease of customization along
with the bioinspired appearance makes this design ideal for reconnaissance applications.
Finally, the unique advantages for each of these designs, as well as the general features of
the MFWD, are presented in Table 12.
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Figure 22. Final conceptual design of the 5-member multi-flapping-wing drone.

Table 12. Summary of general features and unique advantages for each design.

Modular design

Simple assembly

General features o
Ease of repairability

Ideal for reconnaissance

Higher stability

Higher rigidity

3-member advantages Reduced weight

Less complexity

Reduced cost

Higher payload capacity

5-member advantages Higher propulsive efficiency

Increased stealth

8. Conclusions

In this work, a bioinspired design for novel multi-flapping-wing drones which exploits
the aerodynamic benefits of V-formation flights was proposed and investigated. A mission
plan was first selected and described followed by drone sizing and weight estimation.
Next, aerodynamic simulations were generated using the unsteady vortex lattice method to
determine the appropriate wing shape and airfoil profile. Furthermore, this aerodynamic
analysis was used to determine the combination of the angle of attack and formation angle
that maximizes the follower propulsive efficiency for both a 3- and 5-member group size.
The aerodynamic simulations revealed that the albatross wing shape using the Selig 1223
airfoil was the most effective choice for both the 3-member and 5-member drones’ designs.
In addition, a static stability analysis was conducted to ensure that the center of gravity is
placed in front of the aerodynamic center, and to determine the length of the tail arm based
on the relative positions of the aerodynamic center and the tail. This tail arm was then used
in a tail sizing procedure for both configurations. An investigation on various flapping
mechanisms was then conducted to ensure the generation of symmetric flapping motion. A
modified version of the double crank mechanism was selected due to its symmetric design.
A single lateral crankshaft was implemented instead of two crankshafts to limit the weight
and prevent the potential for out-of-phase flapping motion. Finally, the formation angle and
angle of attack corresponding to the highest endurance were determined and implemented
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into the prototypes’ models. The goal of this work was to provide a framework for the
conceptual design of a multi-flapping-wing drone, and to demonstrate the sizing, weight
estimation, and design procedures for this new type of flapping-wing system. It should be
mentioned that the proposed design has some limitations which pose challenges for its
implementations. For instance, any asymmetry in the air vehicle due to misalignment of
the components or frequency shift in the flapping motion of the wings may significantly
impact the flight. As such, all flapping wings need to operate in a synchronized way.
Another limitation is the potential for roll instability due to slight asymmetry in the
weight distribution with respect to the longitudinal centerline. In addition, slight phase
discrepancies between the flapping cycle of each module may induce unwanted vibration,
resulting in instability and degradation in the flight performance. Therefore, care should
be taken during the fabrication process to ensure sufficient synchronization of the wings,
even weight distribution, and selection of the support thickness to ensure high rigidity.
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