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ABSTRACT

Micro air vehicles are a class of unmanned aerial vehicle far smaller than conventional
vehicles. Due to their maneuverability and small form-factor, these craft show great promise
in a myriad of applications, ranging from arti cial pollination to mapping cave systems to
search-and-rescue. When established platforms like multirotors are reduced down to these
sizes, aerodynamic scaling e ects has a deleterious impact on vehicle performance.

To overcome this, we turn to insect ight for inspiration. Flying insects utilize apping
wings to achieve ight, and do so e ciently. Capable of migrating huge distances and
performing advanced aerobatics, insects have many adaptations that help them y. Highly-
exible wings yield aerodynamic and energetic bene ts while reducing the reducing the
weight the insect needs to carry. Potential energy storage in the thorax enables them to
recoup e ort spent driving their wings, and vy farther.

Despite the benets aorded by apping wings, they are still not fully understood.
Study of apping-wing ight is challenging owing to the high-speed, large-amplitude wing
motion and aeroelastic deformation of the wings, making measurement of aerodynamic
forces di cult. Computational methods allow us to overcome these obstacles. High- delity
modeling enables accurate prediction of the air ow and pressures acting on the wing, and
of the uid-structure interaction present, however the large computational cost makes them
unsuited for parametric studies.

In this work, a reduced-order model is developed to study the uid-structure interaction
in exible apping wing systems. Bulk aerodynamic forces are accurately predicted with
short solutions times, enabling parametric studies to be conducted. The e ect of variable
rigidity is investigated in 2D and 3D wings, and results compared to high- delity methods.
Thorax dynamics are added in order to study elastic energy recycling. We nd that moderate
levels of wing exibility improve the performance of apping wings by lowering the energetic
requirements, and that optimized system parameters can reduce power consumption through
elastic energy recycling and resonance excitation.
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INTRODUCTION

Micro air vehicles (MAVS) are a type of unmanned aerial vehicle (UAV) notable for
their reduced size [Kurtulus, 2011]. In addition to retaining the bene ts of regular UAVs
over traditional manned aircraft, the small size of MAVs opens of a number of potential
applications [Ward et al., 2017]. Chiey, operation in congested/constrained environments,
such as leak detection in re neries or agricultural and environmental monitoring [Abdullah
et al.,, 2021; Chen and Li, 2019]. The compactness and low cost also enables them to be
rapidly deployed in large numbers, a strong advantage when time is critical, such as in
search-and-rescue in ruined urban environments after natural disasters [Gao et al., 2024].

MAVs face several design challenges, especially at smaller sizes [Pines and Bohorquez,
2006]. At low length scales and velocities, conventional airfoils perform poorly due the scale
e ect. At the higher Reynolds numbers, or ratio of inertial forces to viscous forces, where
conventional aircraft operate, air ow over the top of the wing is turbulent, and resistant to
large-scale separation [Winslow et al., 2018; Traub and Co man, 2019]. In the ight regime
inhabited by MAVs, particularly for the applications described, the ow over the airfoil is
largely laminar and low energy, making it more likely to separate over large areas of the
wing. This reduces lift and increases drag, lowering the e ciency and lifting capability of
the wing.

Flying insects, rst appearing over 300 million years ago [Goldsworthy and Wheeler,
1989], are capable of remarkable feats, considering their size and simplicity. Despite apping
ight being possibly the most energetically costly form of locomotion [Neville, 1965], insects
are capable of traveling vast distances. Swarms of desert locuS§chistocerca gregaria

can travel 150 km in a day, and have own for 20 continuous hours over water, utilizing air
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currents to extend their range [Cressman, 2016]. Furthermore, many ying insects are highly
maneuverable [Greeter and Hedrick, 2016]. To achieve this ight performance, insects have
evolved a number of adaptations. Insect wings are typically quite exible. Not only does this
reduce the overall weight, but exible wings have been shown to reduce energy requirements,
and potentially outperform rigid wings in force production [Mountcastle and Combes, 2013;
Lang et al., 2022; Vanella et al., 2009]. Wing exibility impacts the leading-edge vortex
(LEV) [Addo-Akoto et al., 2021], a ow structure present in apping wing ight which
aids in lift-generation [Ellington et al., 1996]. Many insects utilize indirect ight muscles
(IFMs) to drive the apping motion of their wings [Dickinson and Tu, 1997; Fernandes
et al., 1991; Kobayashi and Ishikawa, 1993]. Rather than pulling on the wing directly, these
muscles attach to the walls of the thoracic exoskeleton and exist in opposing pairs. The
IFMs compress the thorax cyclically, and this deformation is transmitted through the wing
hinge into the wing. The hinge allows small deformations in the thorax to produce large-
amplitude rotations, generating the apping motion and aerodynamic forces required for
ight [Hollenbeck and Palazotto, 2013]. An insect's thoracic exoskeleton behaves as a spring,
storing elastic potential energy when it is deformed. Throughout the apping cycle, energy
is stored elastically in the compressed thorax, decelerating the wing, and released back into
the system at stroke reversal to re-accelerate the wing. As with wing exibility, the thorax
compliance reduces the overall energetic requirement of ight placed on the insect [Gau et al.,
2019a]. Additionally, insects are believed to ap near resonant frequencies of the system,
utilizing the magni cation at resonance to further decrease the e ort required to generate
the apping kinematics.

In the development of MAVS, scientists and engineers look to insect ight for inspiration.
The apping-wing micro air vehicle (FWMAV) is a subclass of MAV that appropriately uses
apping wings to generate the aerodynamic forces, lift and thrust, to sustain ight. By using

apping wing and relying on di erent aerodynamic phenomena, FWMAVs can avoid the
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scaling problems that are faced by xed-wing craft operating at low Reynolds numbers. In
addition to increased vehicle performance, exible apping wings can increase vehicle safety
and durability. Conventional multirotors rely on rigid sharp-edged propellers spinning at
thousands of revolutions per minute [Nguyen et al., 2020b]. These pose a risk to nearby
people, and are likely to sustain damage in the event of a collision. Asymmetric damage
may require replacement of the rotor as mass imbalances combined with high RPM lead to
vibration [Ghalamchi et al., 2019]. Small rotor-craft intended for operation in con ned spaces
will often have additional structure surrounding the blades or the entire craft [Edgerton
et al., 2019]. Such as structure adds additional weight and may decrease thrust e ciency. In
contrast, a exible apping wing is better able to bend out the way when colliding with an
obstacle, and is less likely to splinter into fragments than a propeller rotating at high-speed.
FWMAVs are inherently less dangerous in a collision [Zu erey et al., 2021; Silva and Bueno,
2024], being less likely to sustain damage and being safer to nearby people. FWMAVS are
an area of active research and development [Wood et al., 2013; Ryu and Kim, 2017], and
many of the above characteristics have led to FWMAVs being studies as potential candidates
for extra-planetary exploration, e.g. on Mars where the low-density atmosphere results on
very low Reynolds numbers [Bluman et al., 2017]. While they have clear advantages, the
development and adoption of FWMAV platforms is hampered by several design challenges.
One such hurdle is the complex physics involved. The exibility of the wing means it deforms
under aerodynamic and inertial loading, and the deformed shape of the wing a ects how
the air ows around it. This uid-structure interaction (FSI) complicates the multiphysics
problem. Unlike xed-wing aircraft, and to a lesser extent rotor-craft, the ow around
apping wings is highly unsteady.

Studying apping wings via physical experimentation is made di cult by several factors.
The high-speed large-amplitude rotation makes actuation dicult. Physical testing in

uid ows where the velocity or length scales would be an issue are often dynamically
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scaled, sometimes changing the working uid so lower velocities can be used. However,
when considering exible structures, dynamic scaling cannot be done in the same way.
Changing the uid density to maintain the Reynolds number at low velocities will alter
the relative signi cance of aerodynamic and inertial loads in deforming the wing, impacting
results. Computational study is often more practical, but still faces di culties. In many
cases, analysis of xed-wing aircraft and rotor-craft can assume steady or quasi-steady
ow, greatly reducing the e ort and time required to reach a solution. In apping wing
ight, a signi cant portion of the force production may be due to unsteady e ects such
as vortex-shedding [Ellington, 1984]. Simulating multiple wingbeats to develop the ow is
computationally expensive, but may be necessary. In the case of exible wings, deformation
may signi cantly alter the aerodynamics, requiring further computational e ort. Despite
these issues, numerical methods have been used successfully to study apping wings [Zuo
et al., 2007; Maeda et al., 2010]. High- delity methods are popular, chie y computational
uid dynamics (CFD), to estimate aerodynamic performance, as unsteady and viscous e ects
are accounted for. In the case of a exible wing where the deformation is unknowrpriori,

nite element analysis (FEA) is used to estimate wing de ection, which may be one-way or
two-way coupled with the uid solver. While these methods are often considered the gold-
standard for computational study, the extremely long times need to reach a solution make
them infeasible for use cases requiring either fast results or a large number of simulations,
such as parametric or optimization studies. For this reason, researchers often turn to reduced-
order models (ROMSs) to study apping wing ight [Long and Fritz, 2004; Fitzgerald et al.,
2011]. In reduced-order models, the problem complexity is reduced by identifying physics
and variables that have negligible impact on the relevant results. These components are
removed from the method while retaining the most essential features, lowering computational
complexity and cost without sacri cing accuracy unduly [Fernandez-Escudero et al., 2019;

Valdez et al., 2020]. Because the importance of di erent physical phenomena is dependent
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on the problem at hand, a ROM will not be as widely applicable as the high- delity methods
discussed earlier [Kou and Zhang, 2016]. The vastly increased speeds attainable by ROMs,
however, make them an attractive tool, and they have been widely used in the study of
apping wing ight.

This dissertation focuses on the use of reduced-order modeling to study apping wings,
both rigid and exible. The impact of system exibility on energetics and force production
are examined through parametric studies. The results help further our understanding of
apping wing ight and may aid in design principles for the development of FWMAV
platforms. Reduced-order models are con rmed as a valuable tool in investigating apping
wing ight, and exploring the design space for FWMAVS, accelerating the development

process by reducing the reliance on more costly high- delity methods.
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