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Abstract

This study presents the design and analysis of a hummingbird-inspired flapping-wing
micro aerial vehicle (MAV) aimed at achieving precise torque control and enhanced
maneuverability. Two control strategies are proposed: (1) wing twist modulation to
redistribute aerodynamic lift, and (2) adjustment of stroke amplitude and mean
stroke angle (offset) to generate control torques in roll and pitch axes. The
effectiveness of these mechanisms was examined through kinematic analysis,
computational fluid dynamics (CFD) simulations, and experimental validation using
a custom high-precision force measurement system. Results demonstrate that the
twist modulation mechanism can generate pitch torque within —0.5 to 1.1 mN-m,
while the second mechanism achieves roll torque of approximately +£3.4 mN-m. Both
strategies exhibit fast dynamic responses to control inputs and produce lift forces
exceeding 90 mN, sufficient for stable flight. The findings highlight the role of
mechanical joint design and vibration suppression in improving energy efficiency and
overall performance. This work contributes to advancing bio-inspired MAVs by
introducing novel torque control approaches for highly maneuverable flapping-wing
systems.
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1- Introduction

Small birds such as hummingbirds, with the ability
to perform complex maneuvers including hovering,
in-place rotation, and sudden directional changes,
have been recognized as inspiring models for the
design of agile flight systems. These birds are
capable of changing trajectory with high accuracy
in confined spaces, which reflects the precise
coordination between their wing structure, flight
muscles, and nervous system. Their unique flight
dynamics—such as high flapping frequency,
instantaneous  wing  deformation, and the
simultaneous generation of lift and thrust—have
inspired the development of highly maneuverable
micro aerial vehicles (MAVs) [1-3].

The design and fabrication of flapping-wing MAVs
inspired by such biological mechanisms remains
one of the most challenging research areas in
aerospace engineering [4]. Due to their ability to
operate in cluttered environments, low energy
consumption, and high agility, flapping-wing
MAVs have found widespread applications in
surveillance, search and rescue, biology, mapping,
and even military operations [5]. However, several
limitations make their design complex and
demanding, including small size, sensitivity to flow
disturbances, strict weight constraints for actuators
and control systems, lack of sufficient space for
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conventional control surfaces, and the cost of
precise manufacturing and control.

In the design of hummingbird-inspired MAVs, two
key components play a decisive role: the wing
actuation mechanism and the wing structure itself.
The actuation mechanism must be capable of
accurately reproducing combined wing motions,
including oscillation, rotation, twisting, and angle-
of-attack modulation, at high speed. On the other
hand, designing artificial wings that emulate the
aerodynamic performance of biological wings
requires in-depth  aerodynamic analysis,
understanding of biological structures, and the use
of lightweight and flexible materials.

In tailless flight, the wings not only provide thrust
but also generate control torques about the three
body axes: roll (xB), pitch (yB), and yaw (zB). To
achieve this, the flight system must be able to
independently adjust the lift and drag forces of each
wing as well as control their application points
relative to the center of mass. In this manner,
differential lift between the left and right wings
generates roll torque, displacement of the lift center
relative to the center of mass induces pitch torque,
and differential drag between the wings produces
yaw torque.

In this study, two control approaches are proposed
for generating flight torques:

The first approach is based on wing morphing,
developed with inspiration from the work of Konno
et al.

The second approach relies on modifying the
flapping amplitude and mean stroke position
(offset), similar to the methods reported by Ma et al.
[6] and Truong et al[7].

Figure 1 illustrates a simplified representation of
how aerodynamic forces on the wings contribute to
the generation of control torques
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Figure 1: FLF_LFL and FDF_DFD represent the cycle-averaged
lift and drag forces, respectively, generated by a single wing
The generation of lift is vital for sustaining flight in
any aerial system. In the micro aerial vehicle
(MAYV) designed in this study, lift is produced
through the reciprocating motion of the wings. To
achieve this, the oscillatory motion of the wings
must be carried out at a sufficient frequency to
counteract gravitational forces. The choice of
actuator plays a critical role in the design of the
transmission mechanism. While most existing
designs employ rotary electric motors, other types
of actuators have also been utilized, including
piezoelectric actuators, shape memory alloys
(SMA), magnetic actuators, and even miniature

combustion engines.

Each of these actuators offers distinct advantages
and drawbacks. For instance, SMA actuators are
extremely lightweight and have no moving parts,
yet they exhibit slow dynamic response and limited
stroke amplitude. Conversely, electric motors
provide rapid response and high power but require
additional transmission mechanisms to convert
rotary motion into oscillatory wing motion.

In this project, a small DC motor was selected as the
primary actuator due to three major advantages:

2- Wide availability of lightweight motors in
the 2—7 g range,
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3- Direct compatibility with speed controllers
and Li-Po batteries,

4- Sufficient power output to generate the
required lift for flight.

Since the rotary motion of the motor must be
converted into wing reciprocation, a two-stage
transmission mechanism was designed.

e Stage 1: A slider—crank mechanism was
employed to produce the initial oscillatory
motion with an amplitude of W\Psi'.

e Stage 2: A four-bar linkage was implemented to
amplify the oscillation amplitude up to
approximately ¢=1200\phi = 120" circ¢=1200.

Figure 2 illustrates the structure of the two-stage
transmission mechanism, which integrates a slider—
crank and a four-bar linkage.

Figure 2: The flapping-wing mechanism consists of two stages: a
slider—crank with an oscillator generating the initial oscillatory
motion, and a four-bar linkage to amplify the wing stroke. Top:
mechanism model; Bottom: schematic showing motor input
0\theta®, mean stroke amplitude W¥\Psi¥, and output wing stroke
amplitude ¢\phidp

he two-stage design provides several advantages
over single-stage mechanisms.

Specifically, precise adjustment of link dimensions
can prevent kinematic singularities and produce a
more symmetric output velocity profile. Moreover,
this configuration enables more accurate motion
control, reduces unwanted loads on joints, increases
the service life of the mechanism, and improves
responsiveness at high flapping frequencies.
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