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Abstract: In this work, seven wings inspired from insects’ wings, including those inspired by the
bumblebee, cicada, cranefly, fruitfly, hawkmoth, honeybee, and twisted parasite, are patterned and
analyzed in FlapSim software in forward and hovering flight modes for two scenarios, namely,
similar wingspan (20 cm) and wing surface (0.005 m2). Considering their similar kinematics, the time
histories of the aerodynamic forces of lift, thrust, and required mechanical power of the inspired
wings are calculated, shown, and compared for both scenarios. The results obtained from FlapSim
show that wing shape strongly impacts the performance and aerodynamic characteristics of the
chosen seven wings. To study the effects of different geometrical and physical factors including
flapping frequency, elevation amplitude, pronation amplitude, stroke-plane angle, flight speed, wing
material, and wingspan, several analyses are carried out on the honeybee-inspired shape, which
had a 20 cm wingspan. This study can be used to evaluate the efficiency of different bio-inspired
wing shapes and may provide a guideline for comparing the performance of flapping wing nano air
vehicles with forward flight and hovering capabilities.
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1. Introduction

Advancements in drone technologies have guided drone researchers to design, manufacture, and
implement small size drones in order to perform complicated missions which larger drones are unable
to perform efficiently [1–5]. Recently, new types of small drones have been introduced in various
configurations, with these being classified as Micro, Nano, and Pico Air Vehicles (MAV, NAV, and
PAV) [1]. It should be noted that NAVs were considered as having a wingspan of 20 cm to 2.5 cm in
this work. Since flapping wings are the best configuration with which to perform missions in very low
Reynolds number environments, a number of researchers are focusing on this field. Flapping wing
drones have advantages which include maneuverability, implementing different flight modes, and
flexibility, etc.; they therefore often show better performance than other configurations such as fixed
and rotary wings [6,7]. Flapping wings have become available for a wide spectrum of applications
including civilian missions, which include search and rescue operations during natural disasters, and
in military operations for suspect monitoring, reconnaissance, and planning attack strategies [8]. For
example, these small drones with hovering capabilities can be used for search and rescue missions and
can be carried by individual soldiers for reconnaissance operations while they are carrying various
technologies [9].
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One of the main challenges in the design process of tiny flapping wing drones is to increase their
performance or endurance as much as possible. To this end, biological inspiration can be considered
a sophisticated solution involving biology being able to inspire optimal designs during the design
process. Nowadays, nearly a million species of flying insects and birds are recognized by biologists
which can be investigated by researchers and designers in order to design and fabricate more applicable
flapping wings [10]. Thus, a new trend in the drone community is to take inspiration from natural
flying insects or birds to achieve improved flight capabilities and maneuverability [1,11].

Recently, flapping wing aerodynamics has generated a great deal of interest due to its potential
application in micro drones [12]. One of the main components of flapping wing drones is the wing and its
corresponding kinematics, which have important roles in the drone’s efficiency and performance [13–15].
Optimizing the wing shape and flapping kinematics allows for higher endurance during flight due to
a reduction in the needed aerodynamic power [16,17]. There are various research projects focused on
flapping wings with hovering and forward flight capabilities. A detailed understanding of avian wing
shapes and kinematics is an essential step in tracing the evolution of the flight of natural flyers [18].

Brown [19] and Pennycuick [20] have studied bird and insect flight based on the measurements
of wing kinematics. Pennycuick [21], Rayner [22], and Norberg [23] have also developed different
theoretical models based on the experimental data of avian flapping wings [24]. More recently,
Jenkins et al. [25], Tobalske and Dial [26], and Hedrick et al. [27] have made significant progress
in understanding avian kinematics and Spedding et al. [28] have studied the effect of wake on the
performance of these systems.

As mentioned above, various models have been used extensively to simulate locomotion and
kinematics of flapping wings, with applications in biomechanics research [19–28], robotics [29], and
computer animation [30]. These research studies have demonstrated the capability of the applied
methods in simulating the kinematics, wake, and aerodynamic forces of flapping wings. Perhaps
the most common application is the optimization of kinematics of two-dimensional flapping airfoils
or three-dimensional wings in both hovering and forward flight modes [30,31]. In the hovering
mode of flapping wings, Taha et al. [32], Berman and Wang [33], and Kurdi et al. [34] have applied
different optimization methods for wing kinematics in order to minimize aerodynamic power using a
quasi-steady method. In addition, in forward flight analysis, strip theory has been used to model the
flapping motion of flapping wings in order to measure the aerodynamic forces involved [17]. Many
researchers [35–41] have applied strip theory to determine the performance of flapping wing drones
and natural flapping fliers. None of the mentioned studies have investigated the effects of wing shape
on flight performance. In this work, seven insect wings, including those of the bumblebee, cranefly,
fruitfly, hawk moth, honeybee, twisted parasite, and cicada, are patterned to investigate which wing
shape requires the least aerodynamic power in order to select the optimal wing shape for forward and
hovering flight.

In previous works performed by Hassanalian et al. [16,17], different methods were applied to
select the best wing shapes between the aforementioned inspired wing shapes in two different cases,
namely, the same wingspan and the same wing surface. For the forward flight study, a modified strip
theory was employed and verified for two types of birds, the jackdaw and mew gull, and then applied
for the seven wings, with a particular focus on the impacts of the dynamic twist on the performance
of bio-inspired NAVs [17]. In this strip theory analysis, to determine the aerodynamic loads on the
wing, each wingspan half was divided into 12 equal sections and then the aerodynamic properties
were calculated as an integral over the full wingspan. For the similar wing surface investigation,
the bumblebee and fruitfly wings were the optimal wing shapes from an aerodynamic point of view.
When considering the same wingspan scenario, it was determined that the honeybee and bumblebee
were the two optimal wing shapes for forward flight purposes. For the hovering flight study by
Hassanalian et al. [17], a quasi-steady theory was implemented to select the optimal wing shapes for
the two mentioned scenarios. In [17], the optimal flapping and pitch angles for the minimum required
power were simultaneously determined. It was found that when considering the same wingspan, the
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twisted parasite and cicada require the least amount of power, while for the same surface, the twisted
parasite and cranefly require less power than the other considered wing shapes.

In this work, in order to compare the wing shapes of the aforementioned insect-inspired wings
and to investigate the kinematics and effects of different parameters on the aerodynamic forces and
power in forward and hovering flight modes, predictive simulation methods in FlapSim software
were used. Through FlapSim, the wing motion of the seven wing shapes was simulated and the
corresponding aerodynamic forces, torques, and mechanical power were calculated. FlapSim uses a
coupled blade-element momentum theory. The inclusion of momentum theory in the model accounts
for the induced velocity in the flapping motion. The inclusion of this parameter enhances the accuracy
of the model while maintaining a lower computational cost than unsteady aerodynamic models.
Although some unsteady models may yield better aerodynamic performance predictions, such as
Phan et al. [42], Parslew et al. [43] have shown that the model being used provides sufficient predictions
at lower computational costs. In addition, Ghommem et al. [44] have validated FlapSim predications
with experimental data for a flapping wing NAV (FWNAV), as can be seen in Figure 1. The FlapSim
predictions agree with the experimental results obtained here but underpredict the thrust/power at
higher flapping frequencies. The experiment was carried out for four wing configurations that differed
in the location of the carbon spars that act as stiffeners for the wing.

Drones 2019, 3, x FOR PEER REVIEW 3 of 27 

twisted parasite and cicada require the least amount of power, while for the same surface, the twisted 

parasite and cranefly require less power than the other considered wing shapes. 

In this work, in order to compare the wing shapes of the aforementioned insect-inspired wings 

and to investigate the kinematics and effects of different parameters on the aerodynamic forces and 

power in forward and hovering flight modes, predictive simulation methods in FlapSim software 

were used. Through FlapSim, the wing motion of the seven wing shapes was simulated and the 

corresponding aerodynamic forces, torques, and mechanical power were calculated. FlapSim uses a 

coupled blade-element momentum theory. The inclusion of momentum theory in the model accounts 

for the induced velocity in the flapping motion. The inclusion of this parameter enhances the accuracy 

of the model while maintaining a lower computational cost than unsteady aerodynamic models. 

Although some unsteady models may yield better aerodynamic performance predictions, such as 

Phan et al. [42], Parslew et al. [43] have shown that the model being used provides sufficient 

predictions at lower computational costs. In addition, Ghommem et al. [44] have validated FlapSim 

predications with experimental data for a flapping wing NAV (FWNAV), as can be seen in Figure 1. 

The FlapSim predictions agree with the experimental results obtained here but underpredict the 

thrust/power at higher flapping frequencies. The experiment was carried out for four wing 

configurations that differed in the location of the carbon spars that act as stiffeners for the wing. 

  

 

 

 

 

 

 

 

Figure 1. Views of (a) power consumption and (b) thrust to power ratio versus flapping frequency 

[44]. 

The rest of this study is organized as follows: the wing shapes, kinematics, and kinetics in 

FlapSim are presented in Section 2. In Section 3, the moments of inertia for the wings are calculated 

and discussed. Aerodynamic analyses for the wings with the same wingspan and wing surface are 

shown in Sections 4 and 5, respectively. The effects of different parameters on flight performance, 

forces, and required power are presented and discussed in Section 6. Finally, summary and 

conclusions are presented in Section 7. 

2. Modeling of Bioinspired Wing Shapes in FlapSim 

The generation of aerodynamic forces for weight support (lift) and for propulsion (thrust) is the 

main objective of the flight apparatus under forward and hovering flight conditions. Flapping wing 

drones generate these aerodynamic forces by using their wings [45]. Thus, wing shape plays an 

important role in their flight performance. To this end, the wing shapes of seven insects including the 

bumblebee, cicada, cranefly, fruitfly, hawkmoth, honeybee, and twisted parasite were extracted and 

patterned to investigate their performance in forward flight and hovering flight modes. In Figure 2, 

schematic views of the modeled wings in FlapSim are presented. 

a. b. 

Figure 1. Views of (a) power consumption and (b) thrust to power ratio versus flapping frequency [44].

The rest of this study is organized as follows: the wing shapes, kinematics, and kinetics in FlapSim
are presented in Section 2. In Section 3, the moments of inertia for the wings are calculated and
discussed. Aerodynamic analyses for the wings with the same wingspan and wing surface are shown
in Sections 4 and 5, respectively. The effects of different parameters on flight performance, forces,
and required power are presented and discussed in Section 6. Finally, summary and conclusions are
presented in Section 7.

2. Modeling of Bioinspired Wing Shapes in FlapSim

The generation of aerodynamic forces for weight support (lift) and for propulsion (thrust) is
the main objective of the flight apparatus under forward and hovering flight conditions. Flapping
wing drones generate these aerodynamic forces by using their wings [45]. Thus, wing shape plays an
important role in their flight performance. To this end, the wing shapes of seven insects including the
bumblebee, cicada, cranefly, fruitfly, hawkmoth, honeybee, and twisted parasite were extracted and
patterned to investigate their performance in forward flight and hovering flight modes. In Figure 2,
schematic views of the modeled wings in FlapSim are presented.
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Figure 2. Schematic views of insect-inspired wing shapes in FlapSim.

Applying the inverse dynamic insect model in FlapSim, the mechanical loads, torque, and power
consumption for a wing with pre-defined kinematics are predicted. FlapSim employs a coupled
blade-element momentum theory model to calculate the aerodynamic forces needed for weight support,
propulsion, and consumed power [30,43,46]. Blade-element theory is a quasi-steady method similar
to strip theory in which the wing is divided into multiple strips and the aerodynamic loads are
integrated along the span of the wing. The wing is separated into twelve segments along the wingspan.
The number of elements for the wing is determined using a convergence analysis. The inclusion of
momentum theory predicts the induced velocity on the wing subjected to specific aerodynamic loads.
It should be mentioned that this aerodynamic model considers a rigid wing. Due to the low values
of reduced frequencies which are presented in Tables 1 and 2, the use of a quasi-steady method is
justified [47,48]. Although the low Reynolds numbers indicate an impact from the viscous effects,
the low reduced frequencies justify the use of a quasi-steady approach. It has been shown that the
aerodynamic response of a moving airfoil in flapping flight is close to the response predicted using
potential flow-based approaches, such as Theodorsen, at low reduced frequencies [49,50]. More
modeling details are discussed in the Appendix A. The dynamic model has some similarities to models
of flight performance previously applied by Pennycuick [21] and Rayner [22]. The wings for a flapping
wing NAV considered in this study have low moments of inertia, which can be seen in Tables 1 and 2,
and therefore the aerodynamic loads are much higher than the inertial loads and the torque applied
to the wing root is approximately equal to the aerodynamic torque through each strip of the wing.
The mechanical power presented in this work is the required power for the flapping motion. It is
the product of the required torque (T) and the angular velocity of the wing root joint. It should be
noted that mechanical power is different from aerodynamic power. The power that is calculated is
always positive since the inertia effects are smaller than aerodynamic effects and the average values are
calculated over the wingspan. Typically, for flapping wing robots with a no storage assumption, the
negative part is usually eliminated and only the positive contribution is used. To model the dynamics
of a flapping wing, first of all the reference systems which are used in this study should be defined.
In order to model the kinematics of the inspired wings, it is essential to consider the movement of
individual segments; therefore, three Euler angles relative to the freestream wind axes are defined and
depicted in Figure 3, namely, the stroke-plane angle (γ), the wing elevation–depression angle (ϕ), and
the wing pronation–supination angle (θ) [16]. Defining the stroke plane axes as (x1, y1, z1), the wing
elevation axes as (x2, y2, z2), and the wing axes as (x3, y3, z3), which are all right handed systems with
respect to the defined origin of the modeled flapping wing, schematic views of the system are shown
for the stroke plane, wing elevation–depression, and wing pronation–supination, respectively.
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Table 1. Wing parameters for wings with an equal wingspan of b = 20 cm (wing length of 10 cm).

Inspired Wing
Moment of

Inertia
(ρw × 10−6) m4

Semi Wing
Surface

(10−4 ×m2)

Mass of the
Semi Wing
(10−4 × kg)

Gyration
Radius (m)

Reynolds
Number

(×104)

Reduced
Frequency

Honeybee 7.831 37.393 37.393 0.0457 4.1793 0.0819
Bumblebee 7.084 25.521 25.521 0.0527 2.7665 0.0542

Cicada 10.843 35.417 35.417 0.0553 4.0090 0.0785
Fruitfly 10.348 33.982 33.982 0.0552 3.8128 0.0747

Hawkmoth 8.845 35.408 35.408 0.0500 3.7393 0.0733
Cranefly 6.198 20.459 20.459 0.0550 2.2418 0.0439

Twisted Parasite 16.368 58.186 58.186 0.0530 6.7640 0.1325

Table 2. Wing parameters for wings with an equal wing surface of S = 0.005 m2 (a semi wing surface of 0.0025 m2).

Inspired Wing
Moment of

Inertia
(ρw × 10−6) m4

Wingspan
(m)

Mass of the
Semi Wing
(10−4 × kg)

Gyration
Radius (m)

Reynolds
Number

(×104)

Reduced
Frequency

Honeybee 3.55949 0.1639 25 0.0377 3.4300 0.0672
Bumblebee 6.93822 0.1985 25 0.0527 2.7563 0.0540

Cicada 5.94784 0.1718 25 0.0488 3.4402 0.0674
Fruitfly 6.197 0.1729 25 0.0498 3.2973 0.0646

Hawkmoth 4.3797 0.1674 25 0.0419 3.1340 0.0614
Cranefly 9.41891 0.2216 25 0.0614 2.4806 0.0486

Twisted Parasite 2.87916 0.1292 25 0.0339 4.3692 0.0856
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3. Calculating the Moment of Inertia for the Wings

To calculate the moment of inertia for the wings of birds, insects, and flapping wing drones, it is
assumed that the center of mass of the wing is close to the wing leading edge in the spanwise axis,
where the majority of the skeletal and muscle structures are located [51,52]. Considering the shown
coordinate system in Figure 2, Ixx and Izz, which are the moments of inertia associated with the wing
rotation about the x and z axes, respectively, can be calculated as

Ixx = Izz = mwr2
g (1)

where rg and mw are the wing radii of gyration and mass, respectively. It should be mentioned that Iyy

is equal to zero. The gyration radius is calculated as follows [30]:

rg =
√

I/mw (2)

If the wing is assumed as the summation of the strips, the moment of inertia of the semi wing can
be calculated as [30]

I =
n∑

i=1

(
mid2

i +
1

12
miw2

)
(3)
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where the mi is the mass of each strip, di is the distance from the center of each strip to the center of the
body, w is the width of each strip, and n is the number of the strips. By specifying the type of material
used for the wings, the mass of each strip can be calculated as

mi = ρw × si = ρw ×w× ci (4)

where ρw, si, and ci are the wing surface density, strip surface, and mean chord length, respectively [53].
Substituting Equation (4) into Equation (3), one obtains:

I = ρww
n∑

i=1

ci

(
d2

i +
1

12
w2

)
(5)

For the seven insects-inspired wing shapes, the moment of inertia can be calculated as a function
of the wing material [54]. For different materials, the moment of inertia will be changed for each
insect-inspired wing shape. Because just a comparison between different wing shapes was carried out,
a specific type of material with 1 kg/m2 surface density was considered for all of the wings. In Tables 1
and 2, the characteristics of each wing in both flight modes are shown. The Reynolds number and
reduced frequency in forward flight were calculated using the mean aerodynamic chord for each of
the wings. The effect of the material on the performance of a flapping wing nano air vehicle will be
discussed in the following sections of this paper.

The kinematics of the inspired flapping wings are shown in Table 3 for both considered scenarios,
that is, the hovering and forward flight modes. The kinematics for the analysis were chosen based on
typical values for flapping wings of the same size [7]. It should be noted that as the size of a flapping wing
is reduced, the flapping frequency must increase in order to maintain flight. Hassanalian et al. [7] has
presented an empirical equation for flapping frequency estimation. In addition, Ghommem et al. [44]
have recently published a work on the design and fabrication of a flapping wing NAV and have
estimated a flapping frequency of 20–47 Hz. Their experimental verification of the flapping wing NAV
was also carried out for 20–47 Hz.

Table 3. The kinematics of the inspired flapping wing in hover and forward modes.

Parameter Symbol Hovering Forward

Mass W 15 g 15 g
Freestream velocity U 0 m/s 15 m/s
Flapping frequency F 30 Hz 30 Hz

Wingspan b 20 cm 20 cm
Elevation amplitude Φ 80 deg 75 deg
Pronation amplitude Θ 60 deg 15 deg

Stroke plane Γ −80 deg −10 deg

4. Role of Wing Shape on Flight Performance of Flapping Wing Air Vehicles with Same Wingspan

Considering the defined kinematics in Table 3, an aerodynamic analysis was performed through
FlapSim for the insect-inspired wing shapes in hovering and forward flight modes. The main purpose
was to determine the most efficient design for the wings when considering the same values of elevation
amplitude, pronation amplitude, and stroke plane. The plotted curves in Figure 4a–c show the flight
performance of the insect-inspired wing shapes during forward flight when an equal wingspan is
considered. Table 4 shows the average values that are depicted in the figures. In Figure 4a it can
be seen that the twisted parasite wing shape generated a much higher lift force than the other wing
shapes for the majority of the time. This was expected due to the much larger area of the twisted
parasite wing. As seen in Table 4, for an equal wingspan during forward flight, the twisted parasite
wing shape generated about double the lift force of the honeybee, which was the second highest of the
insect-inspired wing shapes. Similarly, the twisted parasite shape generated much more thrust than
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the other wing shapes. It generated about three times the thrust of the honeybee, which was again
the second highest. Although the twisted parasite generated the most lift and thrust, it can be seen
in Figure 4c and Table 4 that it also required the most mechanical power. This could be due to the
higher value of the wing area (lower aspect ratio) of the twisted parasite when the same wingspan is
considered. It could be argued that when considering the same lift and thrust for the seven inspired
wing shapes, the twisted parasite wing shape’s required mechanical power would be greatly reduced
and be lower than the other wing shapes.
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The plotted curves in Figure 5a–c show the aerodynamic performance of the seven insect-inspired
wing shapes considered with an equal wingspan in hovering flight mode. Similar to the forward flight
mode discussed previously, the twisted parasite wing shape generated much higher lift forces and
a higher and more erratic thrust force due to the higher value of the wing area (lower aspect ratio)
when considering the same wingspan. The twisted parasite wing shape generated about three times
the lift force of the other wing shapes and a much greater thrust force. It also required much more
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mechanical power, but the same argument could be made that when considering an equal lift force, it
would require less power than the six remaining wing shapes.

Table 4. Aerodynamic loads and power of wings with 20 cm wingspan (wing length of 10 cm).

Parameter Forward Hovering

Aerodynamic
Loads Aspect Ratio Lift (N) Thrust (N) Mechanical

Power (W) Lift (N) Thrust (N) Mechanical
Power (W)

Honeybee 5.37 0.244 0.1098 19.29 0.195 0.0260 21.98
Bumblebee 7.88 0.165 0.0582 17.58 0.125 0.0016 20.01
Cicada 5.90 0.239 0.1037 26.76 0.182 0.0166 30.57
Fruitfly 5.98 0.232 0.0978 25.62 0.174 0.0121 29.25
Hawkmoth 5.64 0.204 0.0762 21.81 0.160 0.0142 24.92
Cranefly 9.82 0.141 0.0514 15.37 0.108 0.0000 17.48
Twisted Parasite 3.34 0.489 0.3478 39.11 0.653 0.3764 44.97
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Figure 5. The time history of (a) normal force, (b) axial force, and (c) mechanical power for inspired
wings with the same wingspan (20 cm) in hovering flight for one flapping cycle.
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5. Role of Wing Shape on Flight Performance of Flapping Wings with Same Wing Surface

Next, the influence of the shape of the flapping wing on the lift, drag, and mechanical power for
both forward flight and hovering was determined when considering the same wing surface. The plots
in Figures 6 and 7 compare the performance of the seven inspired wing shapes when all wing shapes
are considered to have an equal wing surface. Aspect ratios were kept constant as to what is presented
in Table 4 and wingspans were adjusted so all wings had an equal wing surface. Figure 6a–c show the
performance of the seven wing shapes during forward flight. It can be seen from these figures that the
twisted parasite exhibited lower lift and thrust forces; this was due to the lower value of the aspect
ratio compared to the other insect-inspired wing shapes. This contrasts what was seen when all wings
were considered to have an equal wingspan. While exhibiting lower average values for lift and thrust,
as seen in Table 5, the twisted parasite wing shape also required a lower amount of mechanical power.
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Figure 7. The time history of (a) normal force, (b) axial force, and (c) mechanical power for inspired
wings with the same wing surface (S = 0.005 m2) in hovering flight for one flapping cycle.

Table 5. Aerodynamic loads and power of wings with a wing surface of S = 0.005 m2.

Parameter Forward Hovering

Aerodynamic
Loads

Aspect
Ratio Lift (N) Thrust (N) Mechanical

Power (W) Lift (N) Thrust (N) Mechanical
Power (W)

Honeybee 5.37 0.2442 0.10980 17.23 0.1099 0.01392 9.982
Bumblebee 7.88 0.1635 0.05989 14.71 0.1807 0.01684 19.65

Cicada 5.90 0.1406 0.05613 23.43 0.1180 0.00987 16.79
Fruitfly 5.98 0.2322 0.09780 25.62 0.1140 0.00713 17.49

Hawkmoth 5.64 0.2043 0.07618 21.84 0.0908 0.00762 12.35
Cranefly 9.82 0.2051 0.08379 12.29 0.1504 −0.0004 26.63

Twisted Parasite 3.34 0.0098 0.03321 6.944 0.1655 0.06069 7.969

The plotted curves in Figure 7a–c compare normal force, axial force, and mechanical power of
the seven inspired wing shapes in hovering flight mode. Unlike in forward flight mode, the twisted
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parasite showed higher values for both lift and thrust while requiring less mechanical power. This
shows that in hovering flight mode the twisted parasite wing shape is optimal compared to other
wing shapes studied. This result is similar to what was found by Hassanalian et al. [16] when using a
quasi-steady approximation to model the aerodynamic loads.

6. Role of Kinematic Parameters on Flight Performance of Flapping Wing Air Vehicles

In order to show the sensitivity of the flapping wing air vehicle to the kinematic parameters, the
effects of different factors, including flapping frequency, elevation amplitude, pronation amplitude,
stroke-plane angle, flight speed, wing material, and wingspan, were investigated. This experiment,
which was carried out on a honeybee planform as an example wing shape, was able to help to examine
the effectiveness of each parameter in the design and consequently the performance of the flapping
wing. In Table 6, the considered values for these analyses are shown. As can be seen in Table 6, in each
analysis, one factor was changed and the other factors remained constant.

Table 6. The kinematics and geometrics of a honeybee planform in forward flight mode.

Parameter f (Hz) ϕ (deg) θ (deg) γ (deg) U (m/s) mw (g) b (m)

Frequency 5–40 75 15 −10 15 0.00374 0.2
Elevation angle 30 25–85 15 −10 15 0.00374 0.2

Pronation 30 75 0–60 −10 15 0.00374 0.2
Stroke angle 30 75 15 −20–20 15 0.00374 0.2

Speed 30 75 15 −10 5–30 0.00374 0.2
Semi wing mass 30 75 15 −10 15 0.0002–0.005 0.2

Wingspan 30 75 15 −10 15 0.00374 0.1–0.5

One of the important factors that needs to be analyzed carefully during the design process of the
flapping wing is the flapping frequency, which is defined as the complete number of flapping cycles
per second. In the kinematic design of flapping wings, the flapping frequency should be sufficient to
allow the wings to provide the required lift and thrust to achieve takeoff and the required propulsion.
Depending on the size of the flapping wing, different methods have been proposed, based on allometric
data, to suggest the appropriate values for the frequencies of these drones. In the suggested methods,
the required frequencies for flapping wings are usually expressed as a function of the other parameters,
such as mass, wingspan, wing area, air density, and gravity acceleration of the drone [7]. In this part of
the study, the impact of the flapping frequency on flight performance of flapping wings is examined.
It can be seen in Figure 8a–d that as the flapping frequency increases, there is a sharp increase in lift,
thrust, required mechanical power, and tip speed for the considered range of frequency. These figures
show that flapping frequency is a parameter that needs to be considered throughout the design of a
FWNAV. Although an increase in the flapping frequency results in an increase in the aerodynamic
forces, the increase in required power is also significant. There are clearly trade-offs between an
increase in the aerodynamic forcing and the corresponding required power that needs to be evaluated
throughout the design phase. Table 7 and Figure 9 show the percent deviations in lift, thrust, and
power from the base case shown in Table 3. The grey highlighted portion of Table 7 signifies the base
case, previously presented in Table 3. As the frequency is increased, the required power is affected the
most, followed by the thrust, and lastly the lift. The effect of frequency on the lift is almost linear when
compared to the thrust and power. The obtained results are qualitatively similar to those of previous
studies carried out by Djojodihardjo and Ramli [55], Srigrarom and Chan [56], and Mueller et al. [57].
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Figure 8. The effects of the flapping frequency on (a) normal force, (b) axial force, (c) mechanical power,
and (d) tip speed.

Table 7. Percent deviations (PD) in lift, thrust, and power for frequency.

Frequency Lift PD for Lift Thrust PD for Thrust Power PD for Power

5 0.0438 −82.0492 −0.0366 −133.333 0.1254 −99.3499
10 0.0726 −70.2459 −0.0211 −119.217 0.7531 −96.0959
15 0.1064 −56.3934 0.0019 −98.2696 2.437 −87.3665
20 0.1461 −40.123 0.0317 −71.1293 5.7176 −70.3598
25 0.1919 −21.3525 0.0678 −38.2514 11.1678 −42.1058
30 0.2442 0 0.1098 0 19.2899 0
35 0.3029 24.13934 0.1573 43.26047 30.6053 58.65889
40 0.3679 50.77869 0.21 91.25683 45.6401 136.5998
45 0.4393 80.04098 0.2678 143.898 64.9202 236.5485
50 0.5168 111.8033 0.3305 201.0018 88.9971 361.3639
55 0.6004 146.0656 0.3979 262.3862 118.4174 513.8797
60 0.6898 182.7049 0.47 328.051 153.6862 696.7144
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Similarly, Figure 10a–d show that an increase in the elevation angle (flapping angle) generates
an increase in the four parameters, normal and axial loads, mechanical power, and tip speed. These
four parameters show a very rapid increase with an increase in the elevation angle. As elevation
angle shows similar trends to flapping frequency, the same point can be made about the selection of
the elevation angle. From a design point of view, it is important to consider and carefully select the
elevation angle to meet the needs of the FWNAV for hovering or forward flight purposes. It should be
noted that these two factors (flapping frequency and elevation angle) are generally constrained and
engaged by the other physical and structural characteristics of the flapping wings, like the actuation
mechanism. It is clear that an increase in the value of these parameters will require higher mechanical
power, as shown in Figures 7c and 8c, which should be provided by an actuation mechanism and
propulsion system and generate higher values of tip speed, as indicated in Figures 8d and 9d. Table 8
and Figure 11 show the lift, thrust, and power percent deviations from the base case as the elevation
angle is changed. The grey highlighted portion of Table 8 signifies the base case, previously presented
in Table 3. After a certain value, near 40 degrees, the trends are similar to the previous case. Lift
increases nearly linearly with an increase in elevation angle, whereas thrust and power increase in
a parabolic trend and are very close to one another. The discontinuity of lift and thrust seen in the
graph matches that which is shown in Figure 10a. The percent deviation values are not as high as in
the increasing frequency case, which is easy to see in Figure 11.
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Table 8. PD in lift, thrust, and power for elevation angle.

Elevation Angle Lift PD for Lift Thrust PD for Thrust Power PD for Power

25 0.1028 −57.8689 0.0056 −94.8998 2.9928 −84.4852
30 −0.0011 −100.451 0.0064 −94.1712 3.8806 −79.8828
35 0.0239 −90.2049 0.0053 −95.173 4.8886 −74.6573
40 0.124 −49.1803 0.0333 −69.6721 6.046 −68.6573
45 0.1477 −39.4672 0.036 −67.2131 7.3867 −61.7071
50 0.1658 −32.0492 0.0435 −60.3825 8.9168 −53.775
55 0.1822 −25.3279 0.0534 −51.3661 10.6252 −44.9186
60 0.198 −18.8525 0.0653 −40.5282 12.519 −35.1011
65 0.2135 −12.5 0.0787 −28.3242 14.596 −24.3339
70 0.2288 −6.22951 0.0936 −14.7541 16.8528 −12.6345
75 0.2442 0 0.1098 0 19.2899 0
80 0.2596 6.393443 0.1272 15.84699 21.9079 13.57128
85 0.2752 12.78689 0.1458 32.78689 24.7075 28.0845
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Another factor studied in this work was the pronation angle, which plays an important role in
thrust generation during forward flight. An increase in pronation angle affected each of the four studied
parameters differently, as depicted in Figure 12a–d. As the pronation angle increases, a decrease in
the lift force can be observed. Alternatively, as the pronation angle increases, thrust increases to a
certain point and then begins to decrease. This peak point is the pronation angle value that delivers
the maximum thrust. As for the variation in mechanical power as a function of the pronation angle, it
shows a decrease with the increase in pronation angle for one part of the flapping cycle and an increase
for the other stroke. On the other hand, the tip speed is not affected by the change in pronation angle
and stays steady throughout. Typically, drone designers do not deeply investigate the effects of the
pronation angle in their design but the plots show that it is a parameter that needs to be taken into
consideration. Usually, flapping wing drones are designed with only in-plane motion, that is, with no
rotation in the wings. These graphs show that for thrust, the pronation angle has an optimal point near
30 degrees, with negligible changes in mechanical power and tip speed. Table 9 and Figure 13 show the
percent deviations from the base case with an increase in pronation angle. The grey highlighted portion
of Table 9 signifies the base case, previously presented in Table 3. The power is not greatly affected
by the change in pronation angle and the lift sees a nearly linear decrease as the pronation angle is
increased. The thrust increases until it reaches a peak value and then it decreases as the pronation
angle increases. This matches what is seen in Figure 12b, but it is now clear to see that the optimum
value is around 20 degrees.
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Table 9. PD in lift, thrust, and power for pronation angle.

Pronation Lift PD for Lift Thrust PD for Thrust Power PD for Power

0 0.3123 27.9918 0.0528 −51.9126 19.8784 3.050285
5 0.2943 20.61475 0.0789 −28.1421 19.6701 1.970451

10 0.2714 11.22951 0.098 −10.7468 19.481 0.99015
15 0.2442 0 0.1098 0 19.2899 0
20 0.2129 −12.7459 0.114 3.825137 19.0975 −0.99793
25 0.1781 −27.0082 0.1104 0.546448 18.9483 −1.77138
30 0.1406 −42.377 0.0991 −9.74499 18.83 −2.38466
35 0.101 −58.6066 0.0803 −26.867 18.7274 −2.91654
40 0.0601 −75.3689 0.0543 −50.5464 18.7028 −3.04406
45 0.0189 −92.2541 0.0216 −80.3279 18.7081 −3.01659
50 −0.0216 −108.852 −0.0171 −115.574 18.7295 −2.90565
55 −0.0606 −124.836 −0.061 −155.556 18.8118 −2.479
60 −0.0969 −139.713 −0.1093 −199.545 18.908 −1.9803
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To study the influences of the stroke angle (the angle of attack of the flapping wing with respect
to the body with negative sign), we plotted, as seen in Figure 14a–d, the variations in normal force,
axial force, mechanical power, and tip speed as a function of time and stroke angle. Clearly, as the
stroke angle increases, there is a sharp decrease in the lift force. However, the thrust increases rapidly
during the beginning of the change in stroke angle but eventually reaches a more stable value and
remains nearly constant. Similarly, in the case of a change in pronation angle, as stroke angle increases,
mechanical power shows a decrease for one part of the flapping cycle and an increase for the other
half of the flapping cycle. With regard to tip speed, it is not affected by the increase in stroke angle.
The results obtained from this analysis indicate the need to evaluate the stroke plane angle during the
design phase. There is clearly a trade-off between lift and thrust with an increase in stroke angle that
must be evaluated. It should be mentioned that the defined stroke angle is the negative sign of the
angle of attack. Therefore, it can be concluded that as the angle of attack of the flapping wing increases,
lift force is increases. It is seen in Figure 14b that the maximum thrust can be obtained at a stroke
angle of zero degrees. The percent deviations for a change in stroke angle are shown in Table 10 and
Figure 15. The grey highlighted portion of Table 10 signifies the base case, previously presented in
Table 3. It is easy to see that an increase in the stroke angle (a decrease in the angle of attack) results in
a steep decrease in lift force. The required power remains nearly unchanged and the thrust again has a
distinct peak at the optimum stroke angle value, 0 degrees.
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Table 10. PD in lift, thrust, and power for stroke angle.

Stroke Angle Lift PD for Lift Thrust PD for Thrust Power P.D. for Power

−20 0.3626 48.60656 0.0679 −38.1603 19.5861 1.534992
−15 0.3043 24.71311 0.0926 −15.6648 19.4313 0.732504
−10 0.2442 0 0.1098 0 19.2899 0
−5 0.1837 −24.7131 0.1198 9.107468 19.1579 −0.68481
0 0.1239 −49.2213 0.1226 11.65756 19.0569 −1.2084
5 0.066 −72.9508 0.1189 8.287796 18.9938 −1.53551

10 0.0108 −95.5738 0.109 −0.7286 18.9399 −1.81493
15 −0.0408 −116.721 0.0935 −14.8452 18.9019 −2.01192
20 −0.0879 −136.025 0.0733 −33.2423 18.8943 −2.05132Drones 2019, 3, x FOR PEER REVIEW 20 of 27 
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In Figure 16a–d the impact of flight speed on aerodynamic loads and tip speed is displayed.
Clearly, an increase in flight speed leads to an increase in lift, thrust, and required mechanical power.
Again, tip speed is not affected by an increase in flight speed since it is a function of the flapping
frequency and wingspan only. Of course, flight speed must be considered throughout the design
phase and it can be seen that it has a large impact on the performance of the air vehicle. Figure 16a–c
show that there are clear optimum values for the flight speed for lift, thrust, and mechanical power.
This shows that flight speed should be carefully selected for each flapping wing NAV to enhance the
vehicle’s performance. Figure 17 depicts the percent deviations for an increase in speed. Power is not
affected by the increase in speed but lift and thrust show similar trends until about 12 m/s, after which
they are nearly inverses of each other. Lift increases while thrust decreases with an increase in speed.
Although they show similar trends, the thrust is affected by an increase in speed more than lift, as
shown by the value of the percent deviations.
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Lastly, Figure 18a–c show that as wingspan increases, lift, thrust, and mechanical power all
increase. It should be noted that the shown wingspan in Figure 18c is for a semi-wing. Wingspan
should be carefully selected during the design process because although a large wingspan gives
high aerodynamic forces, it also greatly increases the needed mechanical power. The graphs show
a parabolic trend for lift, thrust, and power with wingspan because the scale of the wingspan will
remain constant. To this end, with an increase in wingspan, the wing area will increase by the square
of the wingspan and all of the generated forces are a function of the wing area (L, T, P ∝ S→ S ∝ b2).
Figure 19 illustrates the percent deviation for an increase in wingspan. The lift, thrust, and mechanical
power are all affected similarly. The thrust is affected by the increase in wingspan the most, followed
by lift, and lastly the required power. A similar study can be carried out for other inspired wing
shapes and also in hovering flight modes. The plots give visual representations of the tradeoffs arising
from changing different flight parameters. They gives the designer the ability to understand the
optimal values of various parameters and the corresponding effects. This study has also shown that
using in-plane motion and neglecting pronation/supination is not beneficial because there is clearly an
optimal value of the pronation angle. At the optimal pronation angle, thrust is greatly increased.
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7. Conclusions

In this work, an aerodynamic analysis was performed for seven insect-inspired wings in FlapSim
in order to investigate the role of wing geometry and kinematic parameters on the performance of
flapping wing air vehicles. Two scenarios, namely, equal wingspan and equal wing surface, were
considered for all wings and the wings were analyzed in hovering and forward flight modes. For a
similar wingspan, it was shown that in hovering and forward flight modes, the twisted parasite
wings, followed, in order, by the honeybee, cicada, fruitfly, hawkmoth, bumblebee, and cranefly
wings generate a higher normal force. For the same wingspan, in forward flight, the twisted parasite
wings generated the highest thrust, followed by the honeybee, cicada, fruitfly, hawkmoth, bumblebee,
and lastly, the cranefly wings. Also, in hovering and forward modes, the twisted parasite wings,
followed by the cicada, fruitfly, hawkmoth, honeybee, bumblebee, and cranefly wings were shown to
require more mechanical power in similar defined kinematics, respectively. In the second scenario, for
flapping wing NAVs with the same wing surface, it was shown that the honeybee, fruitfly, cranefly,
hawkmoth, bumblebee, cicada, and twisted parasite wings, respectively, are able to generate higher lift
and thrust forces during forward flight, while the fruitfly wings, followed by the cicada, hawkmoth,
honeybee, bumblebee, cranefly, and twisted parasite wings, require higher values of mechanical power.
In hovering mode, flapping wings with inspired wing shapes from the bumblebee, twisted parasite,
cranefly, cicada, fruitfly, honeybee, and hawkmoth were observed to provide a higher lift force, while
cranefly, bumblebee, fruitfly, cicada, hawkmoth, honeybee, and twisted parasite wings needed a higher
value of mechanical power.

The inspired honeybee wing was analyzed for different values of flapping frequency, elevation
amplitude, pronation amplitude, stroke-plane angle, flight speed, and wingspan. This study showed
that the effect of the pronation angle is significant and should be considered in the design process.
Typically, designers consider only in-plane motion and not the pronation angle. In this work it was
proven that there exists an optimal value of the pronation angle to maximize thrust force.
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Appendix A

A coordinate transformation is needed to transform the velocity vector in the freestream axes, V∞,
to the freestream velocity vector in the wing axes, V∞3 [29]. This relationship is given by

V∞3 = RθRφRγV∞ (A1)

where Rθ, Rϕ, and Rγ are the rotation matrices with respect to the pronation-supination,
elevation-depression, and stroke-plane angles, which are defined as follows [29]:

Rγ =


cosγ 0 − sinγ

0 1 0
sinγ 0 cosγ

, Rφ =


1 0 0
0 cosϕ sinϕ
0 − sinϕ cosϕ

, Rθ =


cosθ 0 − sinθ

0 1 0
sinθ 0 cosθ

 (A2)

To define the position of any point on the insect-inspired wings in the freestream axes following
rotation of the root chord of the wing (shoulder), these matrices can be used. It should be noted
that for both hovering and forward flight modes, the three mentioned Euler angles are applicable in
the kinematics of flight. Considering a freestream wind axis system (x0, y0, z0) that translates to the
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movement of the flapping wing with respect to the Earth, the aerodynamic loads on the bird can be
described as shown in Figure A1.
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Figure A1. Free body diagram of modeled flapping wing.

A rotation of the flapping wing with respect to the Earth axes about yF,e by the angle of β yields
axes that are aligned with the freestream wind axes, as shown in Figure A1. The equations of motion
that describe the flight in any direction are defined as

→

Fx0 −m
→
g sin β−

→

Db = m
→
a x0 (A3)

→

F z0 −m
→
g cos β = 0 (A4)

where
→

Fx0,
→

F z0,
→

Db,
→
a x0, and m are axial and normal aerodynamic loads, body drag, and acceleration

of the birds in the x0 direction, respectively. For forward flight with cruise speed and hovering flight,
the equations can be expressed as shown in Table A1.

Table A1. The equations of motion for hovering and forward flight.

Loads Hovering Flight Forward Flight

Axial
→

F x0 =
→

Db +m
→
g sin β ≈ 0

→

F x0 =
→

Db + m
→
g sin β

Normal
→

F z0 = m
→
g cos β

→

F z0 = m
→
g cos β

Since the flapping wing drones have wings with a low moment of inertia, the aerodynamic loads
are much higher than the inertial loads; therefore, the torque applied to the wing root is approximately
equal to the aerodynamic torque which is transmitted through each strip of the wing. Thus, for
stroke-plane axes, we have

→

T =
∑

i=1

→
r i ×

→

F i (A5)

where T, ri, and Fi represent the torque, distance from the wing root to the ith control point, and the
aerodynamic force acting on the ith control point, respectively. The mean mechanical power output at
the wing root can be expressed as [30]

P =
→

T ·
→.
ϕ =

1
τ

∫ τ

0

∑
i=1

(
→
r i ×

→

F i

)
·

→.
ϕdt (A6)

where
→.
ϕ is the angular velocity of the wing root joint and τ is the flapping time period. In FlapSim,

for aerodynamic modeling, a quasi-steady model (blade-element theory) is used which neglects the
unsteady aerodynamic effects [30,44,45]. In this model, the aerodynamic force coefficients are the
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trigonometric functions of the angle of attack (α), which are independent of airfoil geometry [30]. The
lift and drag coefficient in 2D are described as

cl = A sin(2α) (A7)

cd = B + C cos(2α) (A8)

where A, based on the recent experimental data from Usherwood [50], is 1.64, and values for B and C
are equal to 1.135 and −1.05, respectively, for an arbitrary airfoil [50].

The instantaneous lift and drag forces can be expressed on the corresponding aerodynamic wing
surface and are time averaged over a wingbeat, i.e.,

L =
1
τ

∫ τ

0

1
2
ρV2Scldt (A9)

D =
1
τ

∫ τ

0

1
2
ρV2Scddt (A10)

where L and D are the lift and drag forces, and S and ρ denote wing area and air density, respectively.
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