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Abstract: Flapping wing micro aerial vehicles (MAVs), inspired by biological flight, offer advantages in
acoustic stealth, aerodynamic efficiency, and mechanical resilience over rotary-wing platforms. This study presents
the design, aerodynamic modeling, and fabrication of a bird-sized flapping-wing UAV. Employing empirical
formulations from classical flight dynamics, structural and mechanical configurations were created with advanced
design tools. Aerodynamic performance was predicted using quasi-steady blade element theory and advanced
computational methods. Simulations confirmed that lift and thrust exceeded vehicle weight and drag, indicating
viable sustained flight. The prototype was constructed using lightweight composite materials, carbon fiber for the
fuselage and carbon rods with parachute fabric for wings and tail. A three-bar linkage mechanism converted motor
input into oscillatory wing motion, with passive spanwise rotation optimizing the angle-of-attack throughout
flapping cycles. Ground tests validated the aerodynamic predictions by demonstrating sufficient lift generation.
This work provides a foundational platform for future research in bio-inspired MAVs, specifically targeting
autonomous surveillance, lightweight propulsion, and low-speed maneuverability. Flutter analysis also identified a
critical flutter velocity of approximately 415 m/s.
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1. Introduction

Ornithopter is a flying object heavier than air that uses the concept of flapping of wings like birds. Duplicating
a bird flight has been a human desire for many years due to high and efficient maneuverability and power saving
abilities of these birds. The principle of flapping wings is the same to that of propeller-driven airplane [1]. However,
the wings move up and down along with the forward motion in air. Near the body, the up and down movement is
very small, however, as we move towards wingtip the amplitude of these motions increases. When wing moves
downward, it slightly bends, and the lift force vector makes an angle with the forward flight. This actually happens
when a bird flies. In this case, the wing moves downward only, but the whole body moves upward along with the
forward motion. In this way the bird generates large amount of thrust force without losing altitude. The wing is
twisted to keep the angle of attack in position to maintain the altitude.

lift

Figure 1. Twist of wings and Production of Lift and Thrust
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During upstroke, the angle of attack is reduced, and the wing can pass through air with minimum resistance. At
the same time, the bird folds the wing to decrease the wingspan, thus further reducing the drag. However, this
particular capability is not necessary for all birds and ornithopters. Only the inner part of the wing produces lift
during upstroke since there is a very small up and down motion near the body, however the magnitude is slightly
small compared to that produced during down stroke. This is the main reason why the body of bird slightly moves
up and down during its flight [2].

lift

Figure 2. Production of Lift and Angle of Attack Adjustment

It is also observed from the bird flight that the outer portion of wing produces thrust and inner portion of the wing
produces lift during bird flight. Development of these Flapping wing fliers (commonly known as Ornithopter) allows
new mission requirements that are difficult or impossible for the large-sized aircrafts to accomplish. These micro
vehicles are of special interest because of their use in many civil and military operations: Silent surveillance,
buildings inspections, search and rescue missions and mapping. In addition to this these fliers can be equipped
with various micro-sensors for microphones and cameras for remote areas detection. Flapping wing Micro Aerial
Vehicles (MAVs) are useful for missions, which require more loitering times and longer mission ranges. Ornithopter
provide highly versatile and maneuverable flight platform. Following objectives were achieved in this research: -

e  Conceptual design of Ornithopter using empirical relations derived experimentally.
e  Development of 3-D Model and the Actuation Mechanism with Simulation in CATIA
e Wing tips Kinematics

e Aerodynamics modeling & analysis of the Ornithopter using Modified Strip Theory.
e Fabrication of the modeled Ornithopter.

e Test Flight for successful completion of the project.

2. Literature Review

The early Ornithopters were developed for the manned flight. The initial work was carried out on the feathers
that could be used to make wings for a man to fly and published in Chinese Book of Han in 19 AD [3]. Leonardo
da Vinci, who studied the flight of birds for the first time and considered to be a pioneer in flapping wing flight, to
imitate the bird flight, he sketched the design that could be used instead of the flying using the wings attached to
the arms. No proper flapping flight was performed until 1929, in which the first successful manned flapping wing
flight was achieved. Lippisch, a German engineer, was the first person to achieve the flight driven solely by the
muscles of the pilot [4]. The flights were successful, but the Ornithopter did not have enough wing area, the bird
could not fly for greater distance. Fig.2.3. shows the Lippisch manned Ornithopter flight. After one-year Lippisch
and his students manufactured many unmanned Ornithopters with power generated by engine. These were
experimentally tested and the longest flight time obtained was 16 minutes. In 1942, Schmidt fabricated a small
human-powered flapping wing Ornithopter capable of flying 900 meters at a constant height [5]. After 5 years,
Schmidt built a double seater Ornithopter with the speed range of 100 to 120 kilometers per hour [6]. Figure 3
shows the Schmidt’s Ornithopter constructed in 1947 [6].

Figure 3. Schmidt’'s Human-Powered Ornithopter
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In 1993, Delaurier constructed an ornithopter wing and tested it for flexibility to be used os a flappin wing [7]
this wing was used in fabrication of an ornithopter subsequently as shown in figure 4. DelLaurier gave a complex
aerodynamics model for flapping wing aircraft which is still applicable on the micro-sized aircraft.

Figure 4. James DelLaurier’s Ornithopter

The bird sized aircrafts were started to be constructed during the era of Lippisch. Erich von Holst constructed
rubber powered ornithopters and obtained greater efficiency. The model proposed by Eric resembled more closely
to the natural birds [8]. In addition to this there are multiple of bird sized aircrafts available in the literature. In
1930, ornithopters were developed that were compressed air powered. These ornithopters, were bird like in shape
and developed by Vincenz Chalupsky [9]. 1958, Percival Spencer manufacture bird shaped ornithopters driven by
engines [10]. Sean Kinkade started a small-scale commercial production of remotely controlled ornithopter [8].
Some more designs were developed by several other engineers, that include RoboFalcon ornithopters specifically
manufactured to chase the flock of birds [12] is remote controlled (RC) bird is commercially available for customers
and foam made RC ornithopters close to the real bird were developed by Robert Musters to control the natural
birds at airports [8]. Recently, Festo AG developed an ornithopter, named SmartBird with bending wing capabilities.
The flier is controlled via radio, and the motion of a seaqull is imitated in the design. It only weighs 450 grams,
and its flight shows remarkable resemblance with nature [13].

Figure 5. Festo Smart Bird [13].

Some micro ornithopters can carry camera as payload, thus allowing to be used as spy in buildings and remote
areas. The idea is to obtain a flapping wing aircraft so small that it resembles the same to insects and small birds.
In 1998, Aerovironment & Caltech developed the first micro aerial vehicle (MAV) ornithopter, named MicroBat [14].
It is of the size of a palm as shown in figure 6. Till 2002, no hovering flight was achieved for a MAV ornithopter,
when the first hovering ornithopter was developed at University of Toronto [15]. In 2006, scholars at the Technical
University of Delft and Wageningen University developed Delfy, which is capable of forward and hovering transition
during flight [16]. It is also equipped with small video camera thus giving the autonomous navigation ability to the
ornithopter]. Nathan Chronister manufactured an ornithopter that can hover and perform quick maneuvers for
recreational use in 2007. The size and weight of the ornithopter was same to that of real hummingbird, the smallest
bird in the world [8]. However, the quest of miniaturizing wasn't over yet. In the same year Petter Muren
constructed the world’s smallest ornithopter, which was controlled via radio [17]. It has the span of 10 cm and
weight of 1 gram only. Another huge breakthrough in the field of MAV was the development of Aerovironment’s
Nano Hummingbird in 2010, because of its stabilized flight without any tail. The wing was allowed to rotate about
3 axes thus allowed maximum maneuverability capabilities [18].
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Figure 6. Micro Air Vehicles Ornithopters developed recently

For the successful flight of an aircraft, the initial design and analytical working is necessary. For this purpose,
the important parameters & performance optimization techniques were studied. Experiments were performed using
a motion-tracking technique on free-flying Drosophila to obtain three-dimensional wing trajectories. Similarly,
Walker, Thomas, and Taylor [19] measured the complete wing trajectories of locusts and hoverflies in a low-speed
closed-loop wind tunnel. The experiments were performed on three different desert locusts to obtain the important
dynamics parameters [20]. Gratzel [21] also conducted experiments on Drosophila using a high-speed camera to
capture the flapping motion of the wings. Zhang et al. [22] employed a Planar Single-Crank Double-Rocker
mechanism, developed using ADAMS modeling software, to define the wing motion. Experiments by Ellington [23]
and Ennos [24] demonstrated that wing motion follows a simple harmonic function. Harijono et al. [25] developed
a kinematic and aerodynamic model by assuming the thin wing to be rigid and the motion to be three-dimensional.
Benjamin Y. Leonard [26] divided the wing kinematics into three motions, that were rotation about each axis and
considered the motion to be sinusoidal, however, with some offset and phase lag between the rotations as obtained
experimentally. Another scholar, Bierling [27] assumed the fuselage of ornithopter to be rigid, and the wings were
attached at a single rotating joint that move with the required motion. Spline interpolation method was used to
observe the wing kinematics data, which was further used to obtain the equations of motion of ornithopter. Whitney
and R.]J. Wood [28] performed passive-rotation flapping experiments artificial wings driven mathematically to
measure the kinematics. This was further used to develop the blade-element aerodynamics model of the flapping
wings. Jackson and Bhattacharya [29] derived the equations of motion of flapping using Eulerian Method. The
central body was a point mass so that the hinges of both the wings was the same and placed at the central body.
Two frames of references were used, one for each wing. This estimation eliminated the rotational motion of the
central body.

The aerodynamic performance of a flapping wing aircraft cannot be completely defined by conventional
aerodynamic theories due to the continuously varying flow field [30]. Scientists and biologists performed multiple
of experiments to understand the flow phenomena around a flapping wing of natural bird. Many experiments were
performed to obtain the effects of various parameters on the aerodynamics of already developed flapping wing
aircrafts. As a result of these experiments many empirical relations and models for lift and thrust calculation have
been generated, so that these models could be used effectively in analytical study of flapping motion. Analytical
modelling for the aerodynamics of flapping wing can be categories into Quasi-steady and Unsteady aerodynamics.
If the flapping frequency is low, quasi-steady approach can be applied as it ignores the wake effects and for high
flapping frequency unsteady aerodynamics is used as it includes the wake effects.

The wing's complex structure also makes it difficult to understand the inertial forces and moments that
play dominant role in determining the lift and thrust. Till now several attempts have been made to model the
aerodynamics of flapping wing air vehicles. Hui Hu et al [31] performed experiments for aerodynamic performance
of flexible membrane wings and discussed the flexibility effect of wings on aerodynamics. Similarly, Fry et al. [32]
performed experiments on Drosophila and studied the kinematics and aerodynamics of bird. For this purpose, they
used high speed infrared camera that was capable to capture kinematics for measuring the aerodynamic forces
produced due to flapping.

There are several modeling techniques developed by many researchers and scholars, which may include
blade element theory, momentum theory, lifting line theory and lifting surface theory, as classified by Smith et al
[33]. Out of these theories, Blade element theory was implemented by Delaurier [34] and Wei. Shy [35] in their
ornithopter models. Dae-Kwan Kim et al [36] studied the aeroelastic analysis of a flexible flapping wing. The model
used by them was modified strip theory with the high relative angle of attack and dynamic stall effects inclusion.
Guiji and Garcia [37] studied the distribution of forces on morphing wing aircrafts during the turning flight. Peters
and his team [38] used the finite state model to obtain the aerodynamic forces and moments by improving the
classical aerodynamics model of Theodersen [39].
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Using the modified strip theory M.Y. Zakaria [40] developed an aerodynamics model and applied the
model on commercially available Ornithopters previously done by the flyers considered in their study include
SlowHawk 2 and Pterosaur Replica. In addition to these two biological flyers are also considered including Corvus
monedula and Larus canus. These birds and ornithopters were previously studied by Daniel ef a/ [41]. He
investigated the aerodynamics parameters. Valiyff et a/[42] performed wind tunnel testing on two commercially
available ornithopters at low speed at different free stream velocities and flapping frequencies to verify the
developed aerodynamics model based on blade element theory.

The final step in analytical modeling is the development of equations of motion of flapping wing aircraft.
Very few engineers and scholars have worked to develop the control theory of ornithopter. Bierling [27], as
described before considered the fuselage as rigid body with the wings attached a single joint and presented the
complete flight dynamics model for an ornithopter with high flapping frequencies. The aerodynamics model used
in the dynamics was the quasi-steady model developed by Fry et al. [32]. Similarly, Taylor et a/. [19] examined
the desert locust flight and established a fact that this motion confirms the rotary flight due to mass oscillations.
Meirovitch [43] used a system of multi-bodies to obtain the equations of motion for an aircraft using the kinematics,
structural parameters and aerodynamics of aircraft. Meirovitch obtained six degrees of freedom system and
proposed the solution. Deng et al. [44] studied the motion of micro aerial flapping wing vehicles and developed
the mathematical model of its motion. Focus was given to the difference between fixed wing and flapping wing
dynamics. The analytically derived equations were then used to form the algorithms for body dynamics which was
then introduced to the wing aerodynamics model, actuator dynamics and the environmental factors to make up
Virtual Insect Flight Simulator (VIFS). Some engineers and scientists have worked on the hovering capabilities of
an ornithopter and developed equations of motion. Faruque and Humbert [45] developed the longitudinal hovering
dynamics of a flapping insect. Quasi-steady aerodynamics given by Fry et al. [32] was used with additional hovering
parameters after considering the body to be rigid. In the similar manner they studied and developed the lateral
equations of motion for the hover flight. The study was carried out for the longitudinal and lateral control of a
flying insect. Jared Grauer et al. [46] used the visual tracking system and obtained the wing trajectory while the
ornithopter under consideration was in straight and mean flight. Using the multi-body dynamics, they investigated
the kinematics variables and system identification techniques to obtain the aerodynamics model equations of
motion. Orlowski [47] derived the dynamics equations of a flapping wing aircraft by considering rigid wings
attached to the rigid body. A study validating the use of 3D-printed aircraft models in subsonic wind tunnels
confirmed that additive manufacturing can offer not only quick prototyping but also accurate performance
replication [48]. This approach aligns with the modular and repairable design adopted in our bird-sized flapping
wing aircraft, where interchangeable parts like wing spars and faceplates enhance field usability and adaptability.
Manufacturing accuracy also plays a direct role in aerodynamic performance. An experimental investigation used
point cloud and surface deviation analysis to evaluate discrepancies between the CAD model and actual wing
surfaces [49]. Applying this methodology in ornithopter fabrication can ensure geometric precision in critical
aerodynamic surfaces like wings and tail, improving lift symmetry and thrust uniformity during testing and flight.

Recent progress in machine learning and artificial intelligence has brought notable improvements to the field
of aerodynamic design and optimization, especially for flapping-wing UAVs. Techniques like convolutional neural
networks, generative adversarial networks, and reinforcement learning have enhanced turbulence prediction by
approximately 20%, while also significantly cutting down the computational resources and time typically required
by conventional CFD methods, which often struggle with capturing complex turbulent flows [50]. These Al-based
methods support automated, multi-objective aerodynamic optimization, allowing for rapid refinement of wing
shapes and motion patterns that are essential for efficient flapping flight. Furthermore, adaptive neural networks
have proven highly effective in nonlinear aerodynamic challenges, including real-time shape optimization, drag
minimization, and enhancing flight efficiency in both commercial and military aerospace applications. These
networks help accelerate the design process, improve fuel economy, and increase overall system safety, indicating
their strong potential to transform the design and operation of bio-inspired flapping wing UAVs [51].

3. Materials and Methods

The conceptual design of the ornithopter was developed based on initial design parameters using empirical
relations proposed by Wei Shyy [35]. In addition to geometric parameters, key characteristics such as wingspan,
mass, wing surface area, root chord, and flapping frequency were also determined [35]. After the series of
experiments, effects of different parameters are studied on the flight characteristics [35]. Wing area, airspeed,
density and wing loading are interconnected and are related as follows:

Span is approximated to be 1m and based on the span further estimations are made.

Mass: m = (0.85xb) 256

AAJ 5-2 (2025) 1305-1330 5
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m = 0.66 kg
Wing Area: S = 0.16xm072
S =.1186 m?
Root Chord: ¢ = (8xS)/(bxm)
c=.305m
Flapping Frequency: f = 3.87xm™0-33

f=4.439 Hz

In summarized form these parameters are tabulated in Table 1.

Table 1. Important Parameters

Parameters Formulas Value
Span Approx. im
Mass (0.85xp)%56 .66 kg
Length .70m
Wing Area 0.16xm072 .1186 m?
Root Chord (8xS)/(bxm) 305 m
Flapping Frequency 3.87xm033 4.42 Hz
Upstroke angle Approx. 250
Down stroke angle Approx. 300

The Kinkade's Bird Hawk is selected for this study and proposed its geometric parameters as per the
requirement. A detailed design of wing and tail are drawn on CATIA based on the proposed parameters that are
given in Table 2.

Table 2. Ornithopter Model Specification

Areas Parameters Values in cm
Fuselage Length 70
Span 100
Chord 30.5
Primary Spar 50
Wing
Secondary Spar 46.14
Area 1198
Aspect Ratio 8.348
Span 23.59
Tail Chord 15.25

Area 359.8
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The ornithopter is modeled on the software CATIA On the basis of geometric parameters CATIA design is
made and is shown in Figure 7 This shows a rough sketch of the design according to the dimensions.

/TN

Figure 7. Basic Sketch

Fuselage is designed according to gear assembly diameter and the length of the ornithopter and is shown in
figure 8. Fuselage specifications are shown in Table 3.

Table 3. Fuselage Specifications

Parameters Values
Length 50 cm
Height 13 cm

Figure 8. CAD of fuselage

Wings are the source of lift and thrust generation, so they need to be designed to fulfill these criteria. Wings
are designed in such a way that the central portion is stretched and tight whereas the outer portion is flexible.
Primary, secondary and tertiary spars are arranged. Arrangement of tertiary spars is the critical part, which
allows the flexion in the wing. For the visualization and to use it in the fabrication process the CATIA design is
shown in figure 9.

Table 4. Wings Specifications

Parameters Values
Span 100 cm
Root Chord 30.5cm
Primary Spar 50 cm
Sec. Spar 46.16 cm
Area 1186 cm?
Aspect Ratio 8.348

AAJ 5-2 (2025) 1305-1330 7
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Figure 9. CAD of Wings

To obtain the required flapping frequency i.e., 4.43Hz the gear mechanism is designed with the gear
reduction of 43:1. Design specifications of gears are mentioned in the Table 5.

Table 5. Gears Specifications

Gears No. of Teeth Pitch Diameter
GEAR 1 & 3 10 1.25cm

GEAR 2 71 8.87 cm
GEAR 4 & 5 50 6.24 cm?

Table 6. Tail Specifications

Parameters Values
Span 23.60 cm
Chord 15.25cm
Area 360 cm?

(a) (b)
Figure 10. (a) CAD Models of Gears; (b) CAD Model of Tail

Assembly of bird sized aircraft is performed after designing of all individual parts in CATIA. This 3D model is
then simulated to study its flapping mechanism.
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(a) (b)
Figure 11. (a) Sub components of final assembly; (b) CAD Model of final assembly

3.1 Kinematics of Flapping Wing & Analytical Modelling of Aerodynamics

The flapping wing motion of ornithopters and entomopters can generally be categorized into three classes
based on wing kinematics and the mechanism of force generation: horizontal stroke plane, inclined stroke plane,
and vertical stroke plane. One of the most distinctive features of insect flight is their unique wing kinematics]. Due
to their smaller scale and biological design, insects fundamentally differ from birds. In insects, all actuation is
performed at the wing root, while birds possess internal skeletons with muscle attachments that enable localized
actuation along the wing, such as wing warping, although wing deflection in birds may also occur passively. As a
result of these differing kinematic mechanisms, the aerodynamic characteristics of insect flight diverge significantly
from those observed in fixed-wing, rotary-wing, or even bird flight. Based on Ellington’s study, the generic wing
motion (using a semi-elliptical wing model) can be classified under the inclined stroke plane regime. In this case,
the aerodynamic force generated during flapping can be decomposed into vertical and horizontal components lift,
thrust, and drag, across both upstroke and downstroke cycles. In contrast, the horizontal stroke plane produces a
greater horizontal thrust component, while the vertical stroke plane, often observed during take-off or hovering
(e.g., butterflies), involves wing motion that is nearly perpendicular to the chord.

During flapping, the vertical component of induced airflow is maximal near the wing tips and diminishes toward
the root. Consequently, for a constant forward speed, the relative angle of attack (AOA) decreases from tip to root.
To maintain an attached flow at the tip and avoid excessive AOA, the wing must pitch in the direction of flapping.
During the downstroke, the total aerodynamic force tilts forward, comprising both lift and thrust components. In
the upstroke, the AOA is consistently positive near the root but can vary near the tip depending on the degree of
pitching. If the AOA at the tip remains positive, the outer wing regions contribute to positive lift and drag. However,
if the AOA becomes negative, they produce negative lift but positive thrust. In the present study’s kinematic
modeling of flapping-wing flight in pterosaurs, only periodic flapping and pitching motions are considered. For
simplification without loss of generality, the flapping axis is assumed to lie close to the body’s longitudinal axis,
while the pitching axis is placed at the leading edge of the wing. Both the upstroke and downstroke motions are
illustrated in figure 12 which shows an inclined stroke plane characteristic of hovering flight in the long-eared bat
(Plecotus auritus) [48].

Total Aeradynamic
Down flow due \ / Farce
a>0 ] to upstroke %
W
<0
Inflow duc to
forward flight o
Up flow due to
downstroke

Figure 12. Forces Generated During Upstroke and Down stroke
The flapping wing motion consists of three main types:

¢ Flapping: The up-and-down motion generating the majority of the bird's power, with the largest degree
of freedom.

AAJ 5-2 (2025) 1305-1330 9
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e Feathering: The pitching motion along the wingspan, adjusting the angle of attack for efficient flight.
e Lead-lag: The in-plane lateral movement of the wing, resulting from phase differences along the span,
aiding in stability [38].

lead lag

Figure 13. Angular Movements of Wing

Most of the practical ornithopters only employ flapping motion to generate lift and thrust with passive pitching
caused by the aerodynamic and inertial loads because of flexible wings.

Analytical modelling for the aerodynamics of flapping wing is categorized into Quasi-steady and Unsteady
aerodynamics [30]. If the flapping frequency is low, quasi-steady approach can be applied as it ignores the wake
effects and for high flapping frequency unsteady aerodynamics is used as it includes the wake effects. The focus
of this study was to improve the analytical solution while giving special attention to inertial forces, which plays a
vital role in the generation of lift and thrust. Elastic bending moment equation is being used to calculate the inertial
forces instead of Newtonian mechanics. Former includes both the elastic effects and material properties whereas
later only uses the effect of mass to calculate inertial force. Aerodynamic forces are modeled using Blade Element
Analysis (a quasi-steady approach), where the time-dependent problem is converted into a series of steady-state
problems. Steady-state aerodynamics are used to calculate the forces. Due to the finite wingspan, unsteady wake
effects reduce the net aerodynamic forces, which are accounted for using Theodorsen’s function [28]. The model
simplifies by neglecting leading edge suction effects and other unsteady lift enhancement mechanisms, as they
are minimal in ornithopters. This approach, however, is inadequate for simulating the highly unsteady flight of
insects. In addition to aerodynamic forces, the inertial effects of airflow also contribute to the lift and thrust of
FMAVs.

3.1.1 Assumptions

e The wings are made of a flexible membrane attached to a spar at the leading edge, with a half-elliptical
wing shape.

e  Only flapping is induced by the powertrain system, with equal up/down flapping angles.

e The front spar serves as a pivot for passive pitching movement, driven by aerodynamic and inertial loads.

e The flow is assumed to remain attached to the wing.

e Both flapping and pitching movements are modeled as sinusoidal functions, with a specified amount of
lag.

e The upstroke and downstroke have equal durations.

Figure 14 illustrates the analytical model of the wing.

Semi span 'B' Elliptical Wing Form

@
y —=tIz=1 Root cord, ¢

Figure 14. Wing Form for the Analytical Study
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3.1.2. Kinematics

The wing flaps from top to bottom with total flapping angle of 2Bmax as shown.

Fuselage

Right Wing Left Wing

Figure 15. Front view of Flapping Wings

The flapping angle B varies as sinusoidal function. B and its rate are given by following equations

B(t) = Bmax COS 2 mft

B(t) = —2mfB,ay cOS sin 2mft
o) = %60 cos(2mft + @)

Here 0 is the maximum pitch angle,
@ is the lag between pitching and flapping angle
r is the distance along the span of the wing under consideration

The lag ¢ between pitching and flapping angle should be such that when the relative air velocity is maximum,
the pitch angle should be maximum (fig. 5.3). It is possible only if the lag is 90°.

z
A Mid Chord
L \
i R
] ‘\
] Horizontal \
Flapping ! I \
Axis Pitch ' / >
Angle A "y I Flapping ______
5 ] 8.0 _Ms
u o
”
Y2 .
Fglg:? B ‘ s
at
Angle

Figure 16. Motion of flapping Wing in Side View

3.1.3 Modelling of Aerodynamic Forces
From figure 17 we can find the vertical and horizontal components of relative wind velocity as under: -
Vi = U cosd + (0.75 *Cx 0 * sine)
V, = Usin8+(—r*B*cosB)+(0.75*c*9*sin9)

For horizontal flight, the flight path angle y is zero. Also 0.75c is the relative air effect of the pitching rate 8,
which is manifested at 75% of the chord length [28].
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Due to Pitching

Due to Forward
Speed

Figure 17. Relative Air Flow

Now we can find out the relative velocity, relative angle between the two velocity components g and the
effective AOA as under: -

V =4/Vx? + Vz2

Vz
= -1__
= tan Vx

The section lift coefficient due to circulation (Kutta-Joukowski condition) for flat plate [28] is given by
Cj—c = 2nC(K)sin aggr

Where C(k) is the Theodorsen Lift Deficiency [17] factor which is a function of reduced frequency k and can be
calculated as under

C(k) =+F2+ G2

_— c k2
- k2+C22
c,ck
G=1__222 _
k2+C
c; and c,are given by: -
_ .5 AR
= 232 +AR
=.181+ 777
Cr =. AR

The sectional lift dLc can be calculated as
1
dL. = >* pV2C_. * c*dr

Here

c is the chord length and

dr is width of the element of wing under consideration.
Ci_c = 2nC(k) sin a (Coefficient lift due to circulation)

The apparent mass effect (momentum transferred by accelerating air to the wing) for the section, is
perpendicular to the wing, and acts at mid chord [17], calculated by

1 R " "
dNpe = 7 pc?(OU + rcos — 0.58)dr




Acceleron Aerospace Journal || AAJ.11.2106-2544

Volume 5, Issue 2, pp (1305-1330)

W) Check for updates E-ISSN- 2583-9942
. P https://dx.doi.org/10.61359/11.2106-2544

The drag force has two components. These are calculated as: -
Profile drag  dDp: dD, = %%pV2Cqp * c* dr
Induced drag dDi: dD; = %pV?Cy; * ¢ xdr

The total section drag is then given as

dNc

Figure 18. Forces on Each Section of Wing

The circulatory lift dLc non-circulatory force dNnc and drag dD4 for each wing section change direction at each
instant during flapping. These forces are resolved into components perpendicular and parallel to the forward
velocity in the vertical and horizontal directions, respectively. The vertical and horizontal components of the forces

are given as: -

dFyer = dLccos () * cos8 + dNp.cos(—8) * cosp * cosd + dDgsin () * cosd
dFor = dL¢ sin(yr) * cos8 + dNsin(—0) * cosp * cosd + dDy cos({) * cosd

We can determine the lift and thrust of the ornithopter for each time instance. These forces are calculated for
all time steps in one flap cycle, and the average values are taken to find the total average lift and thrust. If the
wing is divided into ‘n’ strips of equal width and one flap cycle into ‘m’ equal time steps, then

Average lift =

Average Thrust =

Average Drag =

4. Results

A MATLAB script has been created to implement the analytical model, requiring 10 input parameters: the major
and minor axes of the ornithopter wing, forward speed, flapping frequency, total flapping angle, fuselage incidence
angle, maximum pitch angle, the lag between pitching and flapping, the number of spanwise strips, and the number
of time steps in one flap cycle. The code performs the necessary calculations for all forces involved and presents
the results in various graphical formats as needed.
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4.1. Graphs for the Design Optimization

Before finding the aerodynamic forces, a MATLAB code is written in which the limits of the wingspan and the
other factors were find out. The equations were taken from the papers and books. Few of the graphs are shown
here in the figures 19 — 22.

. MASS LIMITS FOR ORNITHOPTERS BASED ON SPAN
T T T

=8 _
B
=
g
£
v
=
=
o _
' —— % &
Wing Span of Ornithopter (in centimeters)
Figure 19. Mass Limits for Ornithopter
WING AREA LIMITS FOR ORNITHOPTERS BASED ON SPAN/MASS
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Figure 20. Wing Area Limits for Ornithopter
. FLAPPING FREQUENCY LIMITS FOR ORNITHOPTERS BASED ON SPAN
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Figure 21. Flapping Frequency Limit for Ornithopter
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Aspect Ratio of Omnithopter

ASPECT RATIO LIMITS FOR ORNITHOPTERS BASED ON SPAN/MASS
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i 0 w i
Wing Span of Qrnithopter (In centimeters)

Figure 22. Aspect Ratio Limits for Ornithopter

Then a MATLAB code is written for finding the aerodynamic forces. Fig. 5.10 is showing the graph of the forces,
which are generated during the flapping. The total lift (Blue), thrust (Green) and drag (Red) forces are shown in
this graph. All the forces are in Newton. The fig. 5.10 also shows that the lift becomes negative, for some time,
during up stroke but thrust and drag are not negative at most of the time. The parameters are flapping frequency
of 4.44 Hz, total flapping angle 609, incidence angle of 59, pitching angle 209, and lag of 90°.

VERTICAL, HORIZONTAL & DRAG FORCES
T T

Foree (Newlon)
T

|
o

L Vertical Force Horizontal Force  Drag Force
2 38867 0634

H;

Power require =10 6337 Watts

| L | 1 | — L
W T W5 W6 W W W5

/T, Non-dimensional Time in one Cycle

Figure 23. All Forces Generate during Flapping

The above graph is giving us the results i.e., the forces in all the directions. The net results are showing that
the lift is greater than the weight and the thrust is greater than the drag.

Then again, a MATLAB code is written for fing the leading-edge position of the wing during the cycle and
the angles at which the forces are find out figure 24is showing the leading-edge position of the wing during the
complete cycle. These are the angles at which the aerodynamic forces are calculated.

VARIATION OF LEADING EDGE ANGLE IN ONE CYCLE
T -1 T T T

4

Figure 24. Variation of leading edge in one complete cycle
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5. Discussion

The results were then compared with the Harijono Djojodihardjo et. al. [35]

The results of Harijono Djojodihardjo et. al. is shown in figure 25 and figure 26.

Lift Force (Semi-Elliptical Planform Wing)

=o=Lift (Present Work)

-#-Lift (Harmon)

t/T, Non-dimensional Time in One Cycle

Figure 25. Lift Force (Present Work vs Harijono [35])

ThrustForce (Semi-Elliptical Planform Wing)

B

[

=+ | hrust (Present Work)

Thrust (N)

-@-Thrust (Harmon)

[

o
o

0.2 04 06 08 X 12

t/T, Non-dimensional Time in One Cycle

Figure 26. Thrust Force (Present Work Vs Harjino [35])

From the above results it can be showed that the forces which are found out are having the same trends as in
the Harijono et. a. and Harmons results.

It can be seen from the results that various flapping wing motion parameters influence the desired flight
performance. The forward speed, flapping frequency, lag angle, angle of incidence, and total flapping angle are
the key parameters. These factors once analyzed understand their impact on the flight characteristics and
performance of the flight becomes clear. In this regard, there are numerous possibilities for varying the inputs and
obtaining results in different forms, with a fixed wing size and geometry for the ornithopter the lift of the ornithopter
is most influenced by the incidence angle and forward speed, while flapping frequency has the least impact. Thrust,
on the other hand, is primarily affected by flapping frequency and forward speed, with incidence angle having the
least influence. Additionally, the drag force increases as forward speed, incidence angle, and flapping frequency
rise. Finally, an increase in the total flapping angle leads to an increase in all forces, but the most pronounced
effect is seen on the drag force.

6. Fabrication of Flapping Wing Micro Unmanned Aerial Vehicle (MUAV)

Fabrication process is divided into seven major steps including assemblage of all the components to get the
required product and testing of the aerial vehicle.

e  Fabrication of Electronics

e Fabrication of Actuation Mechanism
e  Fabrication of Fuselage

e Fabrication of Wings

e  Fabrication of Tail

e Assembly of all components

e Testing
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6.1. Fabrication of Electronics

While the electronics on the ornithopter are not critical to its mechanical function, they play a key role in defining
one of the project's most important specifications: the minimum payload capacity. Since the rest of the ornithopter's
sizing and design depend on this, the weight of the computer, interface equipment, sensors, and battery must be
determined first. To drive the flapping mechanism, a high-torque motor is essential, and a brushless motor is
chosen for this purpose. According to Ohm'’s Law, the motor’s torque is inversely proportional to its resistance,
while its RPM is directly proportional to the voltage, requiring a motor with low resistance. The most suitable motor

available locally is selected, and its specifications are provided in Table 7. Motor is shown in figure 27.

Table 7. Motor Specifications

Motor Specifications

RPM/V
Weight

Dimension

Shaft diameter

Max thrust

1100RMP/V
82 gm.
28.5mm (Dia.) x 36.5mm

(Length)

4mm

1200g

Figure 27. Brushless Motor

A three-cell lithium polymer (LiPo) battery was chosen due to its high energy and power-to-weight ratio, making
it ideal for small, high-performance aerial systems. In the early stages of development, power density is prioritized
over flight duration, as short test flights require brief but powerful bursts of energy. LiPo batteries can typically
discharge at rates up to 10C, with some capable of 25C continuous discharge, providing the high output needed
for flapping. Hence, a 3-cell LiPo pack was selected to meet the ornithopter’s power demands efficiently. Battery
Specifications are given at Table 8. Battery is shown in figure 28.

Table 8. Battery Specifications

Battery Specifications

RPM/V 1100RMP/V

Weight 82 gm.

Dimension 28.5mm (Dia.) x 36.5mm (Length)

Shaft diameter

Max thrust

4mm

1200g
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Figure 28. Battery

For the throttle control is used, the standard radios control airplane part i.e., electronic speed controller.
Selected speed controller is of 30A as this indicates the upper limit of power required and the selected motor draws
maximum current of 28A. Some more specifications of ESC are given in Table. 9. Electronic Speed Controller is
shown in figure 29.

Table 9. Specifications of Electronic Speed Controller

Electronic Speed Controller Specifications

RPM/V 1100RMP/V

Weight 82 gm.

Dimension 28.5mm (Dia.) x 36.5mm (Length)
Shaft diameter 4mm

Max thrust 1200g

Figure 29. Electronic Speed Controller

6.2. Fabrication of Actuation Mechanism

The drive mechanism is the most crucial part of the ornithopter, as it transforms the electric power from the
battery into the flapping motion of the wings. Designing and fabricating this system is particularly challenging due
to the need to withstand significant forces that change direction rapidly, while remaining both lightweight and
durable. The actuation system includes the gear train and the linkage to the wing spars, which can be further
separated into the gearbox and drive linkage components.

6.2.1. Gear Box

According to the requirements as described before the gears were designed and is shown in figure 30.
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Figure 30. Gears

To reduce weight of the gears, the holes on gears were made. Mounting provisions along with the shafts were
machined and are made up of carbon fiber sheet and mild steel respectively. For the gear assembly first of the
two plates were made on which the gears are to be fitted. A carbon fiber sheet was made and then from the IE
Lab with the help of the carpenter the sheet that was very hard was cut into the desired shape with the help of
the saw machine. After cutting the frame of the gearbox and aligning the gears shafts, complete gearbox is made.
The test run of gearbox was then performed. Gear assembly was connected with the motor and speed controller,
and full battery was drained out in order to inspect any fault, but gearbox lived up to our specifications.

(a) (b)

Figure 31. Assembling of gears. (a) Gears and plates (b) Main gear assembled on the plate (c)
Planetary gears assembled on the plate

(©

Figure 32 shows gears set mounted on fuselage subsequently.

Figure 32. Gears assembly mounted on fuselage

6.2.2. Drive Linkage

To ensure the forces on the wings produce only thrust and lift, the wings must move in unison. This can be
achieved with either a second, opposite four-bar linkage or a gear system that links the motion of one wing to the
other. In this design, two separate linkages were chosen because the lightly loaded gearbox could be integrated
directly into the ornithopter’s carbon fiber frame, making it easy to set up without interference. Given the small
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scale, lightweight materials were selected, as the linkages didn't need to be overly strong. One challenge is that
the crank and wing rotation occur on different axes, requiring additional degrees of freedom in the links to
accommodate 3D motion. This was achieved using plastic ball joints, though they are prone to failure under load.
The drive linkage consists of the connecting rod and wing connector. The connecting rod, made of mild steel with
ball joints, links the gears to the wing spar and enables flapping. The wing connector, made of aluminum and ball
bearings, links the wings to the fuselage. Since wing connectors were not available, they were custom-made in
the IE Lab using a lathe. The connectors were carefully designed to balance strength and weight, ensuring they
could withstand the load.

@ (b)
Figure 33. Drive linkages. (a). Wing connectors; (b) Main drive linkage
6.4. Fabrication of Fuselage

The fuselage of the ornithopter is relatively simple from a design perspective. Since the flapping mechanism
is fully contained within the gearbox frame, the main frame primarily provides mounting points for the rear wing
mounts, electronics, battery, and tail assembly. There are two design options for the frame: a single flat plate,
which relies on its thickness for stiffness, or a three-dimensional structure made from thinner material that gains
stiffness from a truss-like design. While the truss design would offer greater stiffness and lighter weight if needed,
the frame doesn't require significant stiffness in all directions. The rear wing mount helps prevent flexing in the
direction where a flat plate would be weakest, as the wing spars form a large, stiff triangle. Thus, while the more
complex structure might be stiffer and lighter, it offers little advantage in this case. The flat frame is much easier
to design and fabricate and could even be lighter. Fuselage of ornithopter is fabricated from carbon fiber sheet
due to its high strength and ability to damp out the vibrations. All the components like wing, tail and gearbox
would be mounted on it so all the mounting provisions along with the body shape are firstly sketched in CATIA.
The carbon fiber sheet was not available locally, so it was imported from Greece. The sheet was cut using high
precision CNC Machine.

Figure 34. Fuselage

6.5. Fabrication of Wings
For hovering flight, the flapping of the wings are basically described by two movements.

As seen in the figure 35 there is a horizontal motion indicated as up and down stroke.
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Figure 35. Wing motion of a fly in hovering flight

The wings of the ornithopter also rotate around the span axis, which changes the angle of attack and allows
for the generation of lift during both the upstroke and downstroke. The mechanism actively controls the horizontal
motion, while the wing rotates passively around the pivot. The design of the wing ensures that the trailing edge
creates a fanning motion to produce thrust, while the leading edge contributes to lift, alongside the lift generated
by the airflow over the wing’s surface. The wing structure is made from carbon fiber tubes and covered with
parachute cloth. One wing is shown in figure 36.

Figure 36. One Wing

6.5.1. Structure of Carbon Fiber Tube

The wings are supported by a triangular framework built from carbon rods. A primary spar runs along the
leading edge, while a strut extends from the rear of the fuselage to a point near the spar’s tip. Several smaller
rods branch out from this strut to the wing’s trailing edge and are allowed limited movement. This setup enables
a fanning motion of the trailing edge that generates thrust, while the flapping motion of the leading edge
contributes to both lift and the aerodynamic force from airflow over the wing.

6.5.2. Stitching of Parachute Cloth

The parachute cloth is stitched in such a way to form a cavity so that the spars pass through them. Firstly, the
leading-edge cavity is mage in which the leading-edge rod is placed and then after stretching the parachute cloth
over the whole wing structure the parachute cloth is the stitched. Since stitching the cloth form pores and cavities
hence disturbing the airflow so glue is put on the stitched part so cover the pores. Wing is shown in figure 37.
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Figure 37. Wings after complete fabrication process.

6.5.3. Connection of wings with fuselage

The ends of the wing spars where the insertion occurs pose a significant engineering challenge, as this is the
point where the driving torque is applied. Although the spar itself can withstand the torque, any attachment at the
end to transfer the torque will create stress concentrations, which could lead to failure. Additionally, the spars must
be designed for easy removal from the shoulder assembly, both for initial wing assembly and for replacement when
damaged. To mitigate localized stress, the connectors are designed with a larger diameter. The wing's leading
edge is positioned into these connectors, which are then attached to the fuselage, allowing for better load
distribution along the spar’s length.

6.6. Fabrication of Tail

The tail is constructed in the same manner as the wings, utilizing carbon fiber rods and parachute cloth. It
plays a dual role: providing pitch control and yaw control. To achieve two deflections of control surface two servo
motors are used for elevator and rudder. The tail of the ornithopter controls the two primary degrees of freedom,
along with the motor throttle. It features two servos: one directly connected to the tail at an angle, and another
higher up on the body that moves the tail through a linkage. The rudder servo is angled to prevent unwanted
vertical tail movement when adjusting the rudder. This setup allows the tail to stay in its trimmed position during
horizontal flight, moving along a curved path independent of the elevator. While it doesn't fully solve the issue of
the elevator servo shifting the tail, it provides a significant control advantage.

6.6.1. Structure of Carbon Fiber Tubes

Firstly, same as for the wings a carbon fiber tubes structure is made and according to that structure parachute
cloth is cut and pasted on the structure to make the tail.

6.6.2. Stitching of Parachute Cloth

After making the structure and cutting the parachute cloth the parachute cloth is pasted on the structure. The
two cavities were made in which the rods are putted, and the other rods were stitched and after stitching gluing
was done to fill the pores made due to the stitching.

Figure 38. Tail along with servos after complete fabrication process.
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6.7. Assembly of all components

Fuselage is the main body of the ornithopter, and it is fabricated in such a way to accommaodate all parts. Now
all the components are mounted and assembled on fuselage. Different views of the fabricated ornithopter are
shown in figures 39 and 40.

Figure 39. Front view of assembled flapping wing micro aerial vehicle.

Figure 40. Side view of assembled flapping wing micro aerial vehicle.
6.8. Testing

The fabricated ornithopter was then tested in the AVDL (Aerospace vehicle design) Lab. Transmitter and
receiver were issued from the AVDL Lab and tested there. The movement of the wings was noted, and the joints
and the linkages were checked. All the connectors and linkages were checked and all were right. There were no
cracks in the joint and linkages. The position of the wing during the complete cycle and all the joints were right
after testing the ornithopter, which shows the completion of the scope of the project.

7. Conclusion

This study presents the comprehensive design, modeling, and fabrication of a bird-sized ornithopter, achieved
through targeted refinements to established analytical frameworks. The initial phase encompassed conceptual
selection, detailed design, and prototype development utilizing locally sourced materials, with particular emphasis
on the gear train and wing assembly due to their pivotal roles in actuation and aerodynamic performance.
Subsequently, the aerodynamic characteristics of the prototype were evaluated using quasi-steady blade element
theory, implemented via a custom MATLAB code, to estimate lift, thrust, and drag forces. The analysis confirmed
that the generated lift and thrust were sufficient to support sustained flight. Ground-based testing further validated
the effectiveness of the wing flapping and tail actuation mechanisms, demonstrating the soundness of the
mechanical design. The ornithopter, constructed with lightweight and easily repairable components such as
modular spars and faceplates, serves as a robust research platform. Although developed at a bird scale, the
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underlying design principles are readily adaptable to micro aerial vehicles and can be further augmented with
autopilot systems for advanced surveillance and reconnaissance applications.
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