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The aspect ratio, a measure of wing pointedness, is a fundamental measure of wing shape. Though it has been extensively studied
in individual fields, few studies have directly compared its effects across both engineering and biology. This paper aims to address
this gap by examining how AR influences flight performance in both biological and mechanical flight, with an emphasis on its
application to morphing-wing multi-mission vehicles. A systematic literature review was conducted, consisting of peer reviewed
papers sourced from Google Scholar, Science Direct, and other databases. The findings suggest that high ARs correlate to flight
efficiency, while low ARs improve maneuverability, with similar patterns observed across biological and mechanical flight systems.
However, studies on insect flight are less conclusive. Possible models and designs for morphing-wing multi-mission vehicles are
also considered. Finally, current mechanical designs with morphing wings are considered, and found to fail at simultaneously

morphing the AR and other critical airfoil parameters.
Introduction

The AR, a ratio between the wing chord and span, has long been
considered a fundamental parameter of wing shape. Extensive
research into the AR already exists in planes, birds, and insects,
although the underlying mechanics of its effects on flight still are
not entirely understood""®. The large majority of this research
is restricted to a single discipline, either engineering or biology.
In the engineering field, many papers consider only rigid, non-
flapping wings, like those found on most conventional planes.
Literature focused on biological organisms, like birds and in-
sects, include a much broader range of flight styles, including
gliding, flapping, and diving. In recent years, interest in bio-
logically inspired flight vehicles has increased, leading to more
interdisciplinary papers considering biological flight mechanics
for planes and other flight vehicles. Some of these papers have
focused on the wing morphing capabilities of birds and insects,
considering how these mechanisms could be adapted to plane or
drone flight.

Despite increased interdisciplinary research, few studies di-
rectly compare AR effects in engineering and biology. To sup-
port future flight vehicle designs with either flapping and rigid
wings, this paper seeks to conduct an interdisciplinary review on
research into the AR. Compiling AR research gives designers
of future flight vehicles confidence in the function of the AR in
both rigid and flapping flight. In addition, considering birds and
insects shows the implications of different ARs in real world
environments, rather than the ideal conditions assumed in aero-
dynamic equations. This paper then considers the AR morphing
abilities of birds and insects to evaluate what biological mecha-

nisms could be adapted to actively change the AR in mechanical
flight. Actively adapting the AR according to environmental
conditions could allow flight vehicles to reap the benefits of both
low and high ARs. Finally, this paper looks at current progress
in AR morphing designs, and considers what future designs
must incorporate to further increase flight capabilities.

Though the AR is an important parameter of wing shape, it
does not consider many important determinants of flight perfor-
mance, like 3D wing configuration, camber, twist, mass, and
many others. Flight performance in birds is heavily impacted
by their tails, which can change shape and create aerodynamic
forces not measured by the AR. Therefore, the correlations be-
tween flight performance and the AR researched in this paper
may be impacted by other factors as well, and wings of a certain
AR are not guaranteed to perform as predicted. In addition, this
paper does not consider the changes in AR while flapping. By
flapping, birds radically retract and extend their wings, signifi-
cantly changing their effective AR. However, these AR changes
are simply a byproduct of lift generation, rather than a reaction
to environmental conditions. Instead, this paper focuses on glid-
ing and diving flight, in which the AR is morphed specifically
in reaction to environmental changes, or to perform a particular
maneuver. Therefore, this paper does not consider short term
changes, restricting the kinds of wing morphing included.

This paper will first give an overview of basic flight mecha-
nisms, biological flight, and multi-mission flight vehicles. Then,
it will review current research on the AR in planes, birds, and
insects. From there, it will consider the AR morphing capabil-
ities of birds and insects, before outlining current progress in
mechanical wings with morphing ARs.
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Materials and Methods

This article conducts a systematic literature review of the aero-
dynamic effects of the aspect ratio (AR) in both biological and
engineering contexts, as well as the morphing capabilities of
AR in birds, insects, and airplanes. The review includes studies
that address the effects of AR on flight dynamics, biological
wing morphing, and technologies related to wing morphing in
engineered systems. Articles were found through searches in
Google Scholar, Science Direct, and Google, using both individ-
ual and combined keywords. Each database was last consulted
on December 5th, 2024. Terms used to identify AR-related
studies were “aspect ratio,” "high/low aspect ratio,” "hand wing
index,” ’wing shape,” 'wing span,” ’wing area,” ’bird flight,
and ’insect flight.” Terms used to find studies on wings with
morphing ARs were *wing morphing,” ’flexibility,” ’changing
wingspan/wing area,” and *morphing aircraft/vehicles.” Boolean
operators (AND, OR) were applied informally where possible,
depending on the search platform. The search was restricted
to journal articles, textbooks, book chapters, and patents on
mechanical wing-morphing designs. No language restrictions
were applied, but articles published between 2000 and 2024
were given preference, particularly for wing morphing research,
to reflect recent developments in the field. Articles were first
screened for relevance in the title and abstract, before the full text
was assessed. Studies were included if they provided detailed
information on the aerodynamic effects of AR or described a
biological or mechanical wing morphing mechanism. All re-
ports were screened and reviewed by a single reviewer, and no
automation tools were used at any stage of the search, screening,
or data extraction process. No formal risk of bias assessment or
quality appraisal of included studies was carried out, which is
acknowledged as a limitation of this review.

Results

Theory of Flight

Flight has been a part of the natural world for hundreds of
millions of years. Generally, flight performance is constrained
by four main forces: lift, drag, thrust, and weight. Lift is a
force in the upwards direction, used to overcome the force of
gravity. In most airfoils, lift is generated through the flow of air
over a wing. The shape of the airfoil speeds up the air above
it, creating a pressure difference above and below the wing.
Because particles in high-pressure areas tend to move towards
low-pressure areas, this imbalance pressure distribution creates
a net force in the lift direction. One explanation for this pressure
imbalance is Newtons Third Law, which states that for every
action, there is an equal and opposite reaction. As the air flows
over an airfoil, the airfoil displaces large amounts of air, creating
an upwash and a downwash. To create the downwash, the airfoil

must be exerting a downwards force on the air. According
to Newtons Third Law, this means the air exerts an upwards
force on the airfoil in response, generating lift. The pressure
imbalance can also be explained through Bernoullis Principle
and the continuity equation.

The continuity equation:

P1ViA| = p2VoAr (D
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where p is pressure, V is velocity, and A is the cross-sectional
area of flow.
Bernoullis Principle:

pVA = constant
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where p is static pressure of the fluid at the cross section, p is
density of the flowing fluid, g is acceleration due to gravity, v is
mean velocity of fluid flow at the cross section, h is the elevation
head of center at the cross section.

Most airfoils are asymmetrical, meaning more air is displaced
above the airfoil than below. According to the continuity equa-
tion, this displacement or loss of flow area means an increase in
velocity. Bernoullis Principle is another version of conservation
of energy, stating that the sum of the pressure energy, kinetic en-
ergy, and potential energy is always constant. According to this
equation, an increase in velocity equals a decrease in pressure.
Therefore, the air displaced by the airfoil leads to an increase
in velocity, and a decrease in pressure, generating the pressure
distribution and lift. Although airfoils can be specialized to
generate more lift, any object that creates a pressure distribution
will generate lift. However, there are other forces working on
the airfoil as well.

Drag is any force opposite to the direction of an object’s
movement, and comes from many different sources. In flying
objects, the drag is mainly comprised of parasite drag and in-
duced drag. Parasite drag stems from the shape and surface
area of the airfoil. Skin friction, or the friction caused by the
flow of air particles over an airfoil, is one kind of parasite drag.
Parasite drag generally depends on the shape and surface area
of an airfoil, as well as the velocity and density of the air. Sim-
ilarly, profile drag refers to the drag created by the shape and
surface of the wing. Induced drag is an inevitable byproduct of
lift, and typically stems from vortices and downwash. The total
aerodynamic drag on an airfoil is the sum of the parasite, profile
and induced drags.

Weight is the downward force on an object due to gravity.
The heavier a plane or organism, the more lift is required to
keep it off the ground. Therefore, plane design is often a strug-
gle between aerodynamically ideal configurations and weight.

1
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Biological organisms are evolved to reduce their weight as much
as possible, while still retaining flight capabilities. Birds, for
example, have bones with tiny air pockets that help reduce their
weight.

Thrust is the force that pushes an object forward through the
air. In planes and rockets, thrust is mainly generated through
the combustion of fuel, while thrust in organisms is generated
through the flapping of wings. Thrust is essential to maintaining
lift, which depends on the flow of air over the wing.

Key Components of Airfoils

Airfoils are shaped by several different components: the lead-
ing/trailing edge, the angle of attack, the chord, the camber, and
others. The leading and trailing edges, which are the front and
back of an airfoil respectively, affect the upwash and downwash
generated, and also assist in the creation of vortices. The chord
is the straight line between the leading and trailing edge. The
camber is the curve of an airfoils top and bottom surfaces.

An airfoils angle of attack (AOA) is the angle at which it
meets the incoming airflow. A steeper angle of attack increases
both the lift and the drag of an airfoil. At slow speeds, flight
vehicles and organisms will often use high AOAs to generate
enough lift to remain airborne, even with decreased airflow.
Eventually, if an AOA becomes too steep, it can cause flow
separation. Flow separation is when the air particles along the
bottom of an airfoil detach, moving the high- pressure air further
away, and reducing lift. To counteract flow separation, some
airfoils generate vortices that help fill this gap, and drag high
pressure air back towards the low-pressure air.

Vortices, or rotating masses of air, are a byproduct of lift. The
pressure distribution created by the airfoil causes high pressure
air from below to curl over the edge of the wing, into the low-
pressure area. This curl creates a vortex off the edge of the
wing (Fig. 1). Other parts of airfoils can also be designed to
create vortices. Vortices primarily produce drag, specifically
induced drag, due to the turbulence generated by the swirling air.
However, vortices can also indirectly generate lift, especially in
wings with high-lift, like those on birds and insects. Leading
edge vortices (LEVs), for example, can delay flow separation
at high AOA, ensuring continued lift generation. Under some
circumstances, LEVs can also help create low-pressure regions
on top of the wing, increasing the lift generated.

Flight Efficiency

Flight efficiency refers to the ability of an aircraft to maxi-
mize its performance, while minimizing expended energy. Per-
formance may refer to distance traveled, speed achieved, ma-
neuverability, or a myriad of other applications for flight.

Flight efficiency is most often measured through the lift to
drag (L/D) ratio, or glide ratio. A higher L/D ratio means the
flight vehicle generates more lift relative to drag, and therefore
needs less input energy to sustain forward flight. This means

Fig. 1 Rotating vortices in the wake of an airplane.

that designers looking to optimize for flight efficiency will either
look to increase lift, or decrease drag.

The lift and drag coefficients are highly related to flight ef-
ficiency. The lift coefficient is a dimensionless number that
quantifies the efficiency of a wing in generating lift. It is af-
fected by the lift force, air density, velocity, and wing area.
Similarly, the drag coefficient is a dimensionless number mea-
suring the drag experienced by an airfoil, calculated from the
drag force, air density, velocity, and wing area. These coeffi-
cients are highly related to the L/D ratio, and can be used to
quantify flight efficiency. A large lift coefficient means an airfoil
efficiently generates a large amount of lift, and likely has a high
L/D ratio. A low drag coefficient means an airfoil generates
very little drag under specific conditions, also increasing the
L/D ratio.

Biomechanical Flight

Many planes, drones, and other machines designed for flight
have been created through imitating biological processes. The
aerodynamic and mechanical complexities of biomechanical
flight have made it extremely hard to recreate exactly. Like man-
made wings, biomechanical wings create pressure distributions
to generate lift. However, biological organisms cannot use pro-
pellers or engines to generate thrust. Instead, birds and insects
flap their wings to generate both lift and thrust. Biological flight
consists of a mix between flapping and gliding, often actively
alternating between the two.

Bird Flight

Birds generate powerful aerodynamic forces to keep them-
selves aloft via flapping. This movement is primarily powered
through strong muscles in the bird’s breast, which contract and
extend to perform each flap. On the downstroke, bird wings
deflect air downwards and behind them, generating upwards and
forwards forces according to Newtons 3rd Law; by maintaining
a small angle between their wingstroke and flight direction, they
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Fig. 2 Estimated power curve for an arctic tern, a small flapping bird.
In this case, the mechanical power output is used, rather than the actual
amount of chemical energy metabolized. Significant speeds are
labeled, including minimum power (Vmp), optimal flight speed (Vopt),
maximum range (Vmr), and the maximum overall migration speed
(Vmigr) 8

generate both thrust and lift on the same stroke, conserving
energy and minimizing their wing-stroke frequency>. On the
upstroke, birds hinge their wings and separate their feathers,
allowing air to pass through more easily, reducing drag. Though
most birds stay within a set range of wing-beat frequencies,
some can alter theirs at will®.

Like airplanes, birds adjust their energy expenditure to main-
tain different flight speeds. At low speeds, reduced lift forces
them to increase their wingbeat frequency, thereby using more
energy”. As their speed builds, the wings generate more lift,
allowing the birds to decrease their wingbeat frequency and
conserve energy. However, at very high speeds, birds must once
again increase their wingbeat frequency to produce more thrust,
leading to higher energy use. As a result, their power curve
typically forms a U-shape, similar to that of airplanes, although
some species deviate from this pattern in Fig. 2. For migratory
birds, the most energy-efficient speeds often align closely with
their migration velocity, as their limited fuel reserves demand
maximum efficiency.

Birds must twist and alter the shape of their wings to retain an
optimal configuration while flapping. For example, they must
twist their wings to flap while also engaging optimal angles of
attack and incidence”. This twisting is made possible through
the bird wings flexible joints and feathers. The structure of
bird wings resembles that of a human arm and hand, including
flexible joints that allow the wing to twist. Finger-like digits
throughout the wing also allow birds to actively change the
shape of their wings. The wing feathers are attached to the
bones through ligaments, and form the wing surfaces. Feathers
are layered across the wing, capable of sliding beneath each

other and retracting. As the arm is extended, the feathers are au-
tomatically spread, allowing the bird to alter its wing shape. The
feathers themselves are somewhat flexible, which contributes to
wing twisting in flight1%,

Constant flapping generates a lot of force but also takes large
amounts of energy. In birds, only about 25% of metabolic energy
is converted into mechanical energy, making flight efficiency
extremely important. To conserve energy, birds will either
use their forward momentum to glide, or utilize updrafts to
soar. To soar, birds either flap until they reach a certain altitude
and speed, or jump from a high perch. Then, they are pulled
down by gravity, leading to airflow over their wings and thus
lift. In stagnant air, gliding leads to a slow descent for the bird,
eventually forcing the bird to land and restart. However, in areas
where the force of updrafts equals the force of gravity, birds can
continue soaring indefinitely, without expending excess energy.
Birds can catch a wide range of updrafts, natural and man-made.
Some utilize slope winds to cross mountainous regions; others
capitalize on man-made winds, by flying near ferries or other
vehicles; and some use thermals, rising columns of air generated
by temperature differences due to the sun. However, these
updrafts are highly inconsistent, forcing birds to regain altitude
through flapping=.

Unlike planes, which are often rigid and unadaptable, birds
actively morph their wings, allowing them to perform complex
flight maneuvers and maintain high flight efficiencies. Through
the flexibility of their joints and wing mobility, birds can change
the camber and thickness of their wings, allowing them to ac-
tively adapt to environmental conditions”. Therefore, they are
less affected by unsteady airflow, and can recover quickly from
rapid maneuvers without succumbing to gravity or drag. Even
when not actively controlled, flexible airfoils have been shown
to create a thrust benefit of up to 50%"L. In recent years, the
scientific community has focused on attempting to emulate the
adaptability of bird wings in mechanical design.

Insect Flight

Insect wings consist of a light, thin, and flexible membrane,
supported by a series of veins. These veins function somewhat
like a skeleton, maintaining the wings shape and distributing
aerodynamic forces. The wings attach to the body through
specialized, highly flexible joints, allowing for greater changes
in configuration. Because they are made of one membrane,
changes in insect wing shape are mainly due to twisting and
flexing. However, some insects have more than 2 wings, al-
lowing for some changes in wing area by adapting the overlap
between the wings. Multiple wings also create higher surface
area and stability, as well as increased maneuverability by mov-
ing all wings independently. Under some circumstances, having
multiple wing pairs leads to increased flight efficiency, through
higher lift generation and decreased turbulence.

Insect flight, like bird flight, consists of both flapping and glid-
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ing. However, only larger insects, that reach higher speeds and
have larger wing areas, can properly glide. Most insects fly at
slower speeds than birds, and are forced to constantly flap. Some
research indicates that according to standard aerodynamic mod-
els, relying on steady-state equations for rigid airfoils, insects
dont generate enough lift to remain airborne'?. The leading
edge vortices (LEV) helps prevent airflow separation, delaying
stall and indirectly increasing lift. LEVs may also help displace

air downwards through their rotation, aiding in lift generation',

Multi-mission Flight Vehicles

In recent years, interest in multi-mission flight vehicles has
increased dramatically. Traditional planes, or drones, are opti-
mized to perform one task at a time. Some aircrafts are designed
for speed and maneuverability, while others are designed for
long distance flight. Multi-mission flight vehicles would be
designed to perform two missions in one flight, requiring a
morphing of their flight configurations. Hunter-killer aircrafts,
meant to first find and then attack targets, are a classic exam-
ple of multi-mission flight. These flight vehicles have many
applications, including surveillance, environmental mapping,
and military uses. Multi-mission vehicles cover a wide range of
sizes, with special interest in micro air vehicles (MAVs), and
nano aerial vehicles (NAVs)13. Small vehicles are compact, and
able to access environments that larger vehicles cannot. How-
ever, due to their small size and mass, MAVs have little to no
space for transmission devices, meaning they are often com-
pletely autonomous. In addition, MAV flight needs to be very
efficient, as they do not have space for large energy stores. It is
critical they can adapt to environmental conditions to preserve
flight efficiency on their own, as birds and insects do.

Designers have turned to biomimeticsimitating natural flight
mechanismsto achieve morphing flight. Birds and insects ad-
just their wing shapes based on environmental conditions and
aerodynamic needs. Falcons, for example, can both glide and
execute steep dives, serving as a natural hunter-killer model.
Since the size and weight of birds and insects are comparable
to those targeted for MAVs and NAVs, their flight strategies
are especially relevant. Many engineers aspire to replicate flap-
ping capabilities found in nature, but doing so requires complex
systems that incorporate morphing configurations, flexible ma-
terials, and adaptive control methods. Smart materials, such
as shape-memory alloys and flexible composites, are crucial
because they allow aircraft wings to change shape in real time.
Although considerable research on morphing vehicles already
exists, additional studies of biological flight strategies and ad-
vanced smart materials will be necessary to fully emulate bird-
or insect-like flight.

Aspect Ratio

The AR compares the wingspan to the total wing area, and
helps quantify the pointedness of a wing. The AR is commonly
used in both mechanical and biomechanical flight, and is closely
related to the HWI in birds. It is one of the most important
parameters of wing morphology, and is closely linked to the lift,
drag, and efficiency of a wing.

» b

AR = s =3 (5)

Where AR is the aspect ratio, b is the wingspan, S is the total

wing area including the section of the body between the wings,
and c is the mean wing chord

i
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Where Cp, i is induced drag, Cy is the lift coefficient, and AR
is the aspect ratio.

According to the equation (5), the wing area and wingspan
have huge impacts on the AR. The wing area itself is impact by
the wing chord, which therefore also influences the AR. If the
wing area remains constant, and the wingspan increases, the AR
will increase as well. However, if the wing area changes as well,
the AR may increase or decrease, depending on how the extra
span and area are added.

Subsonic Airplanes

According to the referenced equation, induced drag is in-
versely proportional to ARY. In other words, as the AR in-
creases, induced drag decreases, which in turn raises the lift-to-
drag (L/D) ratio. Consequently, conventional aircraft designs
strive to increase AR to reduce induced drag. This relationship
can be explained by the more favorable lift distribution seen in
high-AR wings. Induced drag partly arises from the vortices
formed at the wingtips. These vortices interact with the sur-
rounding airflow, creating turbulence and contributing to drag.
Because high-AR wings are longer, lift is spread more evenly
across the span, resulting in smaller wingtip forces at each spe-
cific point and therefore weaker vortices. Smaller vortices mean
less turbulence and induced drag, improving the wings overall
efﬁciency13. For the same reason, favorable lift distribution,
increasing the wingspan of a wing reduced induced drag as
well. Moreover, a significant portion of lift originates at the
leading edge of the airfoil. A wing with a higher AR has a
greater wingspan, effectively increasing its leading edge length
and thereby enhancing its total lift-generating capability'.

High AR wings have numerous applications. For instance, air-
craft operating at high altitudes often employ higher AR wings
to counteract the reduction in lift. Because gravity concentrates
most of the air mass near Earths surface, air pressure drops
dramatically at high elevations. Low air pressure reduces the
number air particles flowing across the airfoil, weakening the
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pressure distribution and decreasing available lift. Airplanes
at high altitudes must improve their flight efficiency to support
their weight and remain airborne. As a result, they often fea-
ture high AR wings to decrease induced drag by shrinking the
wingtip vortices, and increase the lift-to-drag (L/D) ratio or
flight efficiency, thus offsetting the reduced air pressure and lift.

Despite these aerodynamic advantages, there is a practical
limit to increasing a wings AR. As the AR grows, the wing
becomes longer, thinner, and therefore more fragile. Beyond
a certain point, the wing becomes too thin to support the lift
forces, which may cause it to break. Increasing the AR also
increases the bending moment at the wing root by moving the lift
distribution farther from the main body. The lift forces on a wing
pull it up and away from the main body, acting as a lever on the
wing root. As the AR increases, these lift forces move further
away from the wing root, thereby increasing the stress and the
bending moment at the wing root. Consequently, increasing
the AR requires a stronger wing root structure to withstand
the stress. However, stronger structures are heavier and reduce
the aircrafts speed and efficiency. Due to the balance between
aerodynamic design and structural integrity, most conventional
subsonic aircraft have ARs ranging from 6 to 8. Within this
range, the aircraft are fairly efficient while still maintaining
the structural integrity needed for a reasonable degree of speed.
Smaller ARs are also typically more practical for attaching fuel
tanks, landing gear, and for storage in hangars. In contrast,
some sailplanes designed for long-range flight have ARs in the
40s and 50s to minimize induced drag. Lower drag translates
into reduced fuel requirements and weight, thereby improving
efficiency'l. Gliders like these typically have wings designed to
distribute stresses and bend rather than break.

Although a high AR improves wing efficiency, it also dimin-
ishes maneuverability by giving the aircraft a high moment of
inertia. The moment of inertiaresistance to changes in rotational
speeddepends on the distance between the force and the center
of rotation. In high AR wings, lift forces act farther from the
aircrafts centerline, increasing rotational inertia and centripetal
forces, which lower the roll rate and agility'Y. In addition, having
longer wings distributes an aircrafts mass further from the center,
increasing inertia and resistance to rolling or turning maneuvers.

The slender structure of high AR wings also makes them
structurally suboptimal for complex maneuvers. Long, thin
wings are more prone to twisting and flexing under sudden
direction changes, reducing control and creating additional drag.
While strengthening the wings themselves could stop bending,
doing so would add mass and weight, requiring more force to
execute turns and remain airborne, decreasing overall efficiency.

Aircraft that prioritize maneuverability often have low AR
wings, which are shorter and stubbier. Low AR wings generate
more induced drag, making them less suitable for long-range
flight, but they offer increased agility due to their smaller pres-
sure distribution. Because low AR wings are typically short

and stubby, they have more spanwise flow than high AR wings,
and more air can flow around the edge of the wing across the
pressure distribution. This flow creates larger wingtip vortices,
which increase drag but also contribute to a more gradual stall.
Since low AR wings are shorter and rounder, they experience
more spanwise airflow, which affects their pressure distribution.
While this reduces overall lift, it helps them maintain lift at high
angles of attack (AOA). As AOA increases beyond a certain
point, airflow over the wing becomes disrupted, leading to stall.
Low AR wings tend to experience early stall at the wingtips,
but other sections of the wing often continue generating lift,
resulting in a more gradual loss of lift rather than a sudden drop.
In contrast, high AR wings have less spanwise airflow and a
more even pressure distribution, which makes their stall behav-
ior more abrupt. When they reach their critical AOA, they tend
to stall uniformly across the wing, causing a sudden and more
severe loss of lift. Because of this, low AR wings generally have
a higher stall AOA than high AR wings® .

At slower speeds, reduced airflow requires increasing the
AOA to maintain lift. Increasing the AOA deflects more air
downwards, generating more lift, but makes flow separation
and stall more likely. Low AR wings gradual stall makes them
capable of generating lift at higher AOAs, making them more
efficient for takeoffs, landings, and sharp turns. These maneu-
vers require the aircraft to slow down rapidly without losing lift,
requiring a high AOA that doesnt induce stall. Steep climbs
benefit especially from high AOA and increased lift generation,
as the entire maneuver consists of lift, making low AR wings
especially valuable. Additionally, because stall occurs more
gradually in low AR wings, pilots have more time to react and
recover before losing control. While low AR wings incur more
induced drag, they stall less easily at low speeds and are ideal for
gliding flight. Their compact shape is also less prone to flexing
and flutter, generally reducing structural weight compared to
high AR designs2.

Wings with high wing areas typically stall at lower speeds,
because they can generate more lift. As speed decreases, less air
flows across the airfoil, decreasing lift. However, since wings
with high wing areas can deflect more air, they generate more
lift, and can sustain flight at slow speeds, decreasing a planes
stall speed. Usually, low AR wings have higher wing areas,
further helping them avoid flight at low stall speeds. While
the wing area itself doesnt directly affect induced drag, it does
indirectly affect drag by playing a role in a wings AR. A low
AR has stronger wingtip vortices, leading to more induced drag,
while a high AR generates less drag.

In Birds

AR has been extensively used to examine bird flight. How-
ever, determining a birds wing area can be challenging, making
AR measurements less widely available than other parameters.
Additionally, AR can only be measured in live birds, not mu-
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seum specimens, further limiting data availability.

Research on AR in birds generally supports the findings from
mechanical flight studies. Many studies have linked high-AR
wings to enhanced flight efficiency, particularly in migratory
species”, 4. Migratory birds, which routinely cover long dis-
tances, often have high-AR wings. According to Lockwood et al.
and others, birds that depend on frequent or long-duration flights
may have evolved high-AR wings to maximize efficiency®.
Other research shows that AR is one of the best predictors
of a birds natal dispersal distancehow far it travels from its
birthplace to its first breeding site®. Because migratory birds
typically have longer dispersal distances, this finding further
connects high AR to flight efficiency. Although many studies
focusing on AR and migration have examined passerines, in-
vestigations of other groups, such as shorebirds, have yielded
similar results, suggesting a widespread trend"#.

Some studies have begun linking high-AR wings to under-
lying aerodynamic principles. In birds, high-AR wings are
associated with smaller wingtip vortices and reduced induced
drag®. Modeling bird-like flapping has shown that high-AR
wings can carry more weight over longer distances than low-
AR wings, indicating greater efficiency>. In hummingbirds,
increasing wing AR reduces the power required to hover?.

Because they are small and lightweight, birds can exploit
air currents, such as thermals, slope winds, and even human-
made updrafts, to dramatically reduce their power consumption
while staying aloft. Many marine birds, which rely on wave and
dynamic soaring, have evolved high-AR wings ideally suited
for harnessing certain updrafts, thereby improving efficiency.
Terrestrial thermal-soaring birds tend to have long, broad wings
rather than extremely high ARs, but these differences may reflect
habitat preferences rather than contradicting the link between
soaring ability and high AR!Z. Even these broader-winged
species often have a moderately high AR, with values around
seven®-.

Similar to airplanes, high-AR wings in birds maintain their
efficiency only up to a point. For hummingbirds, once the
AR surpasses about four, the lift-to-drag ratio declines again,
reducing overall efficiency’>. Researchers suggest that beyond
a certain elongation, the wingtips become too pointed, making
the wing more vulnerable to aerodynamic stressparalleling the
structural challenges of very high AR wings in airplanes®.

For small birds, maneuverability and agility are crucial, favor-
ing the development of low-AR wings. Such wings have been
linked to increased turning performance and lower inertia, aiding
in rapid escapes or takeoffs® 8. Some birds use quick takeoffs
and agile flight to evade predators or perform mating displays,
leading to the evolution of shorter, more rounded wings. These
rounded, low-AR wings generate a significant portion of their
lift near the wingtips, where both the wing and air particles
move faster. In species like the European starling (Sturnus vul-
garis), having rounder wings significantly increases the angle of

ascent, demonstrating the additional thrust and maneuverability
provided by shorter wings©.

In Insects

As with studies in birds, AR is frequently used to quantify
insect wing morphology. However, because insect wings vary
greatly in shape, researchers usually rely on total wing area
rather than mean wing chord to calculate AR. Unlike birds,
many insects have four wings instead of two, changing how
AR influences their overall wing planform and flight dynamics.
For example, butterflies have four wings of relatively high AR;
combined, these create a large total wing area relative to their
body size. Generally, insects have lower ARs than birds because
their wingspan is constrained by their body length. Insects
typically exhibit ARs ranging from 1.5 to 6, whereas birds span
a much wider range, from about 5.5 to 19,

In insects, the relationship between high AR and lift effi-
ciency is still under debate. Recent research has focused on the
roles of the leading edge vortex (LEV) and trailing edge vortex
(TEV), both of which influence the lift and drag produced by
a wing. The LEV is a key mechanism insects use to generate
significant lift. Its stable attachment is especially important: a
larger, well-attached LEV creates a region of lower pressure
over the wings upper surface, thereby increasing overall lift'?.
According to the Navier-Stokes equations, centripetal and Cori-
olis forces in flapping wings scale with AR and help maintain
stable vortices. In insects, these forces stabilize the LEV during
the wings sweeping motion (its angular displacement while flap-
ping). Consequently, changes in AR affect the LEV and thus
influence the wings lift and overall efficiency.

As AR increases, the LEV tends to become more compact,
stable, and intense. This compaction increases the suction force
(reducing pressure), enhances lift, and makes lift generation
more uniform across the wing surface, ultimately reducing drag
and improving flight efficiency. Correspondingly, experiments
have shown that increasing AR raises the mean lift coefficient
over a flap cycle??,2!' and reduces the drag coefficient, resulting
in a higher lift-to-drag (L/D) ratio*L.

However, the benefits of increasing AR have limits. At an AR
of about 1, the LEV forms a single stable vortex that compacts
as AR rises. By AR 4, the LEV splits into dual vortices with
a helical structure, indicating it is nearing a breakdown!?, 22/
At even higher ARs, the LEV forms bubble-like structures that
eventually burst into smaller vortices, reducing lift. This LEV
breakdown may occur because high AR reduces centripetal and
Coriolis forces, which are crucial for sustaining stable vortices
and suction. Moreover, at higher AR, the wing chord is smaller,
providing less surface area for the LEV. As a result, the LEV
moves toward the trailing edge, causing vorticity from beneath
the wing to evolve into a TEV, eventually shedding and pro-
ducing induced drag?%,?". Other studies note lift reductions
at AR values of about 6, with a sharp decline at around 7.5,
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Fig. 3 a. Diagram of a bird from the side, including Kipps distance
(Dk), longest primary feather (Lw), and first secondary feather (S1). b.
View on bird from above, with longest primary feather (Lw), and first
secondary feather (S1) 26]

although such discrepancies may stem from testing different
wing planforms2,

Some research has shown that lift can decrease entirely as
AR increases. Studies directly comparing AR and lift coef-
ficients have identified optimal efficiencies across a range of
ARs, while others have found that interactions between the LEV
and underside vortices reduce lift at higher AR values#Z. Lo-
cal LEV detachmentwhere flow reverses at the trailing edge
to form a TEVoccurs more rapidly at high AR. For instance,
while an AR of 1.5 exhibits instability but no LEV detachment,
higher ARs between 3 and 7 show progressively earlier detach-
ment’ .These inconsistencies may result from variations in how
lift coefficients are calculated, differences in Reynolds num-
bers, and changes in Rossby numbers, rather than an intrinsic
contradiction in the relationship between AR and lift1?.

Hand-Wing Index

The Hand-Wing Index (HWI) quantifies the elongation of
a wing, and relates Kipps distance (DK) to the length of the
longest primary feather (LW) (Fig. 3). This index is very similar
to the AR, although it focuses more specifically on the elon-
gation of the wing hand. The HWI is less correlated to flight
efficiency than other parameters, possibly because it ignores arm
length, leading it to underestimate the elongation of birds with
particularly long arms. Nonetheless, the ease of calculating
the HWI and its wide availability makes it a relevant parameter
of wing morphology. Unlike the AR, the HWI doesnt require the
surface area of a wing, instead measuring specific distances. The
HWI can be also measured from both avian museum specimens
and live birds, making it especially useful for gathering more
complete sets of data?? In addition, the measurements needed
for the HWI are easier to measure reliably, likely making HWI
data more accurate>.

5004

aspect ratio

] 1
{1 15
hand-wing index
Fig. 4 Graph of various furariid birds, showing the correlation between
the AR and Hand-Wing Index 23,

EI[] 25

HWI =100 x &
Ly

(7

where Dk is Kipps distance, and Ly is the length of the
longest primary feather.

Dk =Ly —S; ®)

The HWI and the AR of a wing are strongly correlated, as
they both pertain to how elongated a wing is. One study com-
paring the HWI and AR of various Furnariidae species (Fig. 4)
approximated an equation showing a positive linear relationship,
indicating that an increase in the HWI meant an increase in the
AR?Z. The AR can be related to the HWI through the equation:

1
AR ~ 70.0045(:0.005) x HWI+3.7(£0.01)  (9)

Though this equation is specific to furnariids, it indicates a
strong linear correlation between the HWI and the AR, and al-
lows us to use them as proxies for each other (Fig. 4). Therefore,
the aerodynamic effects of the HWI apply to the AR as well,
and vice versa.

Like the AR, the HWI has been correlated to flight efficiency,
and used as an accessible proxy for efficiency in long-distance
bird flight. A high HWI is correlated to a high natal dispersion,
indicating that wings with a high HWI are more efficient2¢, 27,25,
Often, birds with a high HWI are migratory birds that travel
long distances in search for food, mates, and other resources.
However, a high HWI isnt necessarily correlated only to long-
distance flight. Birds with more aerial lifestyles, whos survival
depends on consistent flight, have also been shown to have high
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HWIs2Z, Therefore, it can be inferred that a high HWI is related
to a high overall volume of flight, and evolution towards flight
efficiency.

Some studies have connected the HWI more directly to flight
efficiency. One study of swains thrush?42%. A Jower heart rate
means a slower metabolism, which consumes less energy, mak-
ing high AR wings more efficient. Other studies have found
that birds with high HWT are able to fly further than those with
low HWI, further suggesting that the HWI is linked to flight
efficiency“”. The connection between a high AR and decreased
induced drag due to weaker wingtip vortices likely applies to
high HWI as well. However, the aerodynamic complexities of
bird flight hinder researchers from making conclusive observa-
tions.

The HWI has also been shown to increase with elevation,
particularly at 4 km above sea level?". For flapping birds in
particular, the increase of the HWI with elevation is particularly
significant. In soaring birds, on the other hand, this effect is
much less clear, possibly due to the fundamental aerodynamic
differences between flapping and soaring flight. In addition,
soaring birds are generally restricted to lower altitudes, which
could further affect the change in their HWI=", This trend aligns
with the higher ARs to decrease drag at higher altitudes, where
the less air pressure leads to a decrease in lift.

Studies have also connected higher HWI to a birds ability to
respond to wind, and the associated aerodynamic forces. With
higher HWI wings, the migration-inhibiting effects of headwind
seemed to decrease, indicating a higher HWI correlates to an
increased ability to cope with wind and the drag associated with
random airflow=. However, these studies remain fairly limited,
and explanations for the correlation between HWI and wind
effects have not been substantiated.

Flight and Reynolds Numbers

Flight occurs across a wide range of scales and environments,
which adds complexity when comparing organisms of different
sizes. For example, insects and airplanes are vastly different in
size and therefore operate in very different aerodynamic con-
ditions. Reynolds number, a ratio of inertial to viscous forces
in a fluid, is one of the most important parameters when com-
paring flight across different scales. As seen in the equation,
the larger the characteristic dimension (or scale) of a flying
body, the larger the Reynolds number. As Reynolds number
increases, the flow shifts from laminar to turbulent. For flying
organisms and vehicles, the wingspan or area is typically used
as the characteristic length. From this, we can also see that
Reynolds number generally increases as flow speed increases,
meaning a body flying at a higher velocity will experience more
turbulent flow.

(10)

where Re is the Reynold Number, p is the density of the fluid,
u is the flow speed, L is the characteristic dimension, and is the
viscosity of the fluid

In environments with low Reynolds number, such as at low
speeds or small scales, airflow tends to be more laminar. For
high aspect ratio (AR) wings, this often results in a reduced
ability to generate lift, and thus lower flight efficiency. In lam-
inar flow, the fluid moves in smooth, parallel layers, making
flow separation more likely. As a result, at low speeds or small
scales, high AR wings are unable to maintain lift, leading to a
loss in flight efficiency. Low AR wings, however, can be more
efficient in low Reynolds number environments. With laminar
flow, the air is typically more viscous and less inertial, which
dampens vortex instabilities. For low AR wings, this leads to
more stable leading-edge vortices (LEVs), generating additional
lift and improving flight efficiency. High AR wings do not ben-
efit as much from the stability of LEVs since they lack strong
spanwise flow, causing their LEVs to detach more quickly and
contribute less to lift. At low Reynolds numbers, where the
flow is predominantly viscous and sticky, generating lift through
gliding becomes nearly impossible. In these conditions, flapping
is essential to maintain lift, which complicates the use of high
AR wings, as they are typically more structurally fragile.

In environments with high Reynolds number, such as at higher
speeds or larger scales, airflow is usually more turbulent. For
high AR wings, this turbulent flow helps keep the flow attached,
even when the wing is particularly thin or long, increasing
lift while keeping drag low and improving overall flight effi-
ciency. However, the increased turbulence also makes the wings
more susceptible to bending, so the aspect ratio can only be
increased to a certain extent before structural issues arise. At
high Reynolds number, LEVs are more prone to breaking down,
meaning low AR wings struggle to generate lift and lose flight
efficiency. For high Reynolds number environments, where the
flow is more inertial and attached, gliding becomes more viable,
while the efficiency of flapping decreases.

Between low and high Reynolds numbers, the efficiency of
high and low AR wings depends on factors such as shape, flap-
ping speed, and other environmental conditions. The variation
in Reynolds number across scales plays a critical role in design-
ing bio-inspired wings. While high AR wings are optimal for
endurance and overall efficiency, they lose lift generation capa-
bilities at small scales and low speeds. As such, they are better
suited for high Reynolds number environments, such as those
seen in large birds or even commercial airplanes. In contrast,
low AR wings retain, and sometimes even gain, efficiency at low
Reynolds numbers, making them more suitable for small-scale
drones.
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Morphing Wings

Nearly all flying animals, ranging from insects to birds to bats
and beyond, morph their wings in flight. Studies on other or-
ganisms, such as gliding lizards, include important analyses as
well, but are not included here”2. Only organisms in long range
flight, such as migratory birds, keep their wings rigid for ex-
tended periods of time. Even then, when forced to land or perch,
their wings twist and morph beyond their original shape. Wing
morphing can be largely split into three categories: variable
planform, camber and twist'%. This paper will mainly focus
on changes in wing planform, which is influenced by the AR.
During bird and insect flight, most changes in wing planform
occur through flapping, and passive deformations due to wing
flexibility. These morphings, however, are highly temporary,
and do not represent true changes in the organisms AR. There-
fore, this paper will focus mainly on wing morphing in gliding,
where changes are somewhat more permanent, and more directly
reflect changes in the environment.

In Birds

Bird wings, which consist of feathers and skin layered over
flexible bones and joints, are highly variable, constantly chang-
ing in flight. Typical bird wings consist of 10 different skeletal
elements, much like a human hand, giving birds a large amount
of control over the shape of their wings. Wing feathers are lay-
ered across the wing, and come in a range of sizes according to
their function. As a result of how their feathers are layered, bird
wing planforms can radically change, stretching and retracting
according to environmental changes'.

While flapping, bird wings continually twist and bend, alter-
ing their planform. Such changes, however, do not necessarily
present a true modification of the AR. The AR is a permanent
measure of wing geometry; the effective AR created by flapping
flight is not held for long. Therefore, changes of the effective
AR during flapping flight will not alter the long term aerody-
namic performance of the wing significantly. However, some
types of effective AR are more permanent, and do affect aerody-
namic performance. In gliding flight, for example, birds morph
their wings according to environmental conditions, and maintain
those geometries for extended periods of time.

Birds use gliding flight to conserve energy, catching updrafts
and utilizing their forward motion to generate lift, rather than
constantly flapping. To optimize their efficiency, birds adjust
their ARs in flight. Soaring gulls, for example, adjust their wing
area, retracting their wings as wind increases, and unfolding
them once again when they lose too much altitude®. While
soaring, and catching updrafts, gulls need lower AR wings
and higher wing areas to prevent stalling at low speeds and to
brave the turbulent airflow. Gliding falcons perform the same
maneuver. Tucker and Parrott observed a falco jugger, or lugger
falcon, in a wind tunnel at various airspeeds, and calculated the
birds wing span and area (Fig. 5). This study found that the

Fig. 5 Rough sketches of the falcon’s wing shape at various airspeeds

and glide angles. A, 66 m./sec., 6°; B, 85 m./sec., 5°; C, 143 m./sec.,
6° 33.

falcon consistently approached the maximum L/D ratio at given

airspeeds, by adjusting its wing span and wet area~.

§=0.1120+0.019 (11)
Where S is the wing area, and b is the wing span
bZ
AR (12)

~ 0.1126+0.019

The aspect ratio, with the wing span and area from the previous
equation.

As the airspeed was increased, the falcon retracted its wings
into an M shape, decreasing its wingspan. According to the least
squares regression line calculated for the falcons wingspan and
wing area, increasing the wingspan exponentially increased the
AR as well. Therefore, the falcon also adjusted its AR to achieve
the maximum possible L/D ratio, and flight efficiency. Harris
hawks have also been shown to reduce their wing area by half,
adjusting to an increase in airspeed”. Numeric simulations of
a flapping wing in flight confirm these measurements, showing
that dynamic changes of the wingspan, and therefore AR, greatly
enhance the lift produced by a wing. Changing wingspans were
shown to intensify LEVs on the upper surface of the wing, while
also weakening the vortices on the lower surface that generate
negative lift, therefore creating a much higher L/D ratio=*.

While slowing down to perch, birds morph their wings as well.
A steppe eagle, or aquila nipalensis, was repeatedly filmed while
perching to document the morphing of its wing=>. When highly
flexed, bird wings adopted an M shape, as seen in Figure 5. As

10 |  NHSJS Reports

© The National High School Journal of Science 2025



the steppe eagle approaches to perch, it flexes its wings, altering
their area and AR. This maneuver rapidly increases drag, and
brings the birds center of pressure forward, leading to a pitch-up
motion that adds to the drag. At the end of the pitch-up motion,
the wings are stretched out again to their usual AR. At such slow
speeds, however, this quickly leads to stall, allowing the bird
to complete the perching maneuver=> This perching maneuver
clearly illustrates how birds adjust their wing geometries, and
AR, to aid their agility.

In diving, and other fast maneuvers, birds also radically
change the AR of their wings. Falcons, especially peregrine fal-
cons, are renowned for their stoops, or rapid dives to catch prey.
It has been predicted that peregrine falcons may reach speeds
over 80 meters per seconds during their stoops, and have the
ability to attain even higher speeds=®. When stooping, falcons
first retract their wings to achieve high speeds, before extending
them again as they approach their prey. In the most compact
formation, known as the teardrop shape, the falcon folds its
wings in as far as possible to reduce drag, allowing it to speed
up. Then, its wings are extended back into an M shape, increas-
ing drag and helping the falcon eventually pull out of its dive.
Between these shapes, however, falcons constantly change their
wing shape, and effective AR, to control the rate of their descent
and zero in on their target. Their stoop is a constant balance
between lift and drag, controlled by morphing their wings and
the Ars=Z.

In Insects

Unlike bird wings, insect wings are made of a membrane sup-
ported by veins, rather than overlapping feathers. Their wings
are therefore largely unable to stretch, or retract, restricting
changes in their wing planform. However, changes in the effec-
tive AR do still occur through twisting, and wing overlap while
flapping.

Insects are typically very small, light, and fly at relatively
slow speeds. Therefore, their wings must be light, while still
holding up to the aerodynamic forces of being flapped, meaning
their wings are often highly flexible. This means that most of
the morphing in insect wings planform is passive resulting in
the natural deformations of their wings rather than an active
response to environmental conditions'?. These changes are
also highly temporary, gone again before the changes in AR
fully take effect. On their upstroke, for example, insects fold
their wings into their bodies, briefly diminishing their wing area
and AR to decrease negative forces. This change does improve
the efficiency of the insects flight, but not due to a change in
the AR, but rather because of less wing area producing drag.
The flexibility of insect wings also leads to benefits like the
umbrella effect in locusts. The umbrella effect occurs when the
trailing edge of the wing flexes forward during the downstroke,
leading to compressive forces in the veins that induce positive
camber. This response helps the wing resist further deformations

from upward forces, enhancing its structural stability, and lift
generation. The umbrella effect is a passive result of the wings
structure, rather than an active response by the insect to its
environment, meaning it does not represent a true morphing of
the insect’s AR.

Insects with multiple wings on each side can change the
overlapping of their wings, and exhibit more permanent wing
morphing. Like birds who change the configuration of their
feathers, creating more overlap between multiple wings will
also morph the overall wing planform"?. However, this kind of
morphing has not been extensively studied, and its impacts on
flight are therefore unknown.

Morphing Wing Designs

For the last 100 years, researchers around the world have been
working on flight vehicles with morphing wings. In the US,
NASA and DARPA have inspired and funded many research
projects, particularly around smart memory alloys (SMAs) and
flexible wings. Internationally, China and the EU have also
contributed research and designs to this field, especially as the
practicality and military applications of morphing wings be-
came more widespread=®. To date, most morphing wings have
focused on a single degree of freedom, or type of wing morphing.
However, some designs have begun incorporating several types
of morphing, and therefore further approaching biomechanical
flight.

Designs focusing specifically on changing the AR, or
wingspan, have been present since the 1930s, though few have
been flown. Many of these aircrafts use telescopic designs, in
which portions of the wing slide into each other, allowing it to
extend and retract. The first plane to fly with telescopic wings
was the MAK - 10, designed by Ivan Makhonine, a Russian
expatriate. Through pneumatic powering, MAK - 10 was able to
increase its span by 62%, and its area by 57%, leading to a radi-
cal change in the AR from 8.05 to 13.4°?. Similar designs based
off the MAK-10 in more recent years have achieved changes in
the AR of up to 230%. Another design, the Akaflieg Stuttgart
FS-29, was built in Germany from 1972. This plane achieved
an ARs of 20.67 and 28.54, very high values that reflect its size
and long-distance applications. Other designs with changes in
the AR have emerged in more recent years, some of which are
outlined below.

Lockheed Martin

In the US, funding through DARPA led to several designs for
flying vehicles with morphing wings. One such design created
by Lockheed Martin Aerodynamics between 2003-2006 featured
a wing with a telescopic mechanism (Fig. 6), essentially creating
two modes of flight*). This drone was designed as a Hunter-
Killer, an example of the possible versatility of MAVs. In the
hunting mode, the drone was meant to search, and prioritize
flight efficiency to survey large areas. The killer mode, on
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Fig. 6 Wing-morphing diagram, showing the telescopic mechanism of
the Lockheed Martin aircraft. Extending the wing increases the span,
area, and effective wing sweep.

the other hand, sought to increase speed and maneuverability
to kill. The Lockheed design put particular emphasis on the
wing sweep, which changes by 30°, wing area, and wetted
area to increase flight efficiency and versatility. The morphing
aspect of this wing also greatly increases the surface area, and
somewhat increases the wing span. Calculations predict that
compared to conventional flight vehicles, the Lockheed drone
has a 22% higher mission radius, meaning it could fly further on
less fuel“C., However, designs for the conventional vehicles used
were constrained by fuel storage in the wings, as the root chord
needed to remain the same, meaning conventional vehicles may
perform more efficiently than predicted.

According to the wing measurements given, the Lockheed
design does not undergo a large change in AR. In its retracted
state, the full-scale model is designed with a span of 24.1 feet
and an area of 215.5 square feet, while the extended mode has a
span of 215.5 feet and an area of 600 square feet. Therefore, the
AR in the retracted state is roughly 2.7, and extends to an AR of
2.8440, Compared to the wide range of AR in birds, from 5.5 to
19, these values are very small, and the change between them is
almost negligible. To further increase the efficiency of its flight,
the Lockheed design would likely need a larger change in AR,
perhaps through a second section of sliding wing area.

MX-1

Another design funded by DARPA was the MX-1, built by
NextGen Aeronautics and flown in 2007 (Fig. 7). This design
focused on a single degree of freedom, morphing the wing span
and area. The final vehicle was much larger than other designs,
weighing around 100 pounds with a wingspan of 9.3 feet. This

Fig. 7 The wing morphing exhibited by the MX-1. The wings
stretched outwards, increasing span and decreasing the wing chord. A
flexible wing skin is used to help achieve its morphing@.

design included flexible wing skins, capable of stretching as the
wing morphs into a different shape. During flight, the wings
successfully underwent a 40% change in wing area, and a 30%
change in the wing spanm—ﬂ. Using these percentages, we can es-
timate a 21% increase in the AR by morphing the wing, possibly
helping to increase flight efficiency in the extended state. The
two modes in this design are more similar to high and low AR
wings in birds, including an overall increase in wing pointedness
and a decrease in wing breadth.

LisEagle

The LisEagle is one of the most advanced biomechanically
inspired drones to date, with feathered wings and tail that morph
much like those on birds (Fig. 8). This drone did not focus on
morphing the AR specifically - instead, it sought to imitate bird
wings, and achieve several degrees of freedom. The LisEagle
was initially built in 2020, and was an ongoing project through
2022823, Through several interdependent actuators, this drone
can morph its wing and tail shape, as well as twist its wings
in response to environmental conditions. It can also perform
perching maneuvers, such as a rapid pitch-up to increase drag@
By adapting to environmental changes, the LisEagle has exhib-
ited stable flight despite disturbances, including physical nudges
and turbulent airflow. Measurements of the LisEagle in flight
suggest that by morphing its wings, it can achieve significantly
increased energy efficiency, especially in long range flight. By
retracting and extending its feathers, the LisEagle does exhibit
some changes in its AR ratio as well, similar to the wing mor-
phing present in gliding birds. However, it remains constrained
to gliding and turning maneuvers, unable to fold in its wings as
falcons do while stooping.

Morphing AR for Mechanical Flight

As established in the previous sections, both low and high AR
wings have benefits. Both biological organisms and mechanical
designers have realized morphing between the two as a method
to increase flight efficiency.

Wings with an aspect ratio above 8 are ideal for long distance
flight at high speeds, and at high altitudes, since they can gener-
ate lift with minimal drag. These wings are best for non-flapping
applications, since their slender structure puts them at risk of
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Fig. 8 The LisEagle while in flight, showing the bird-like shape of its
wing and feathers. A power source is attached to its body“>.

bending under high pressure. Migratory birds, which fly long
distances at high speeds and altitudes, often have wings with
ARs between 4 and 8. Commercial airplanes have even higher
ARs, with values around 8-10, and sailplane ARs can even reach
into the 40s or 50s". High AR wings would be ideal for the sec-
tion of any mission that requires steady long-distance flight with
few maneuvers, possibly at high altitudes. In the context of the
aforementioned hunter-killer aircrafts, high AR wings would be
very applicable to the hunter portion of flight, where the aircraft
surveils large areas for its target. More generally, high AR wings
are applicable to any mission that requires surveillance across a
large area, transport over long distances, or even flight at high
altitudes. Using high AR wings would help manage fuel usage
for missions like these, and saving power for other sections of
the mission.

Low AR wings, within the range of 2.5-6, are well suited
for short distance, agile flight, at slow speeds and low altitudes,
because they stall at much slower speeds and can easily recover
from losing lift. these wings are very applicable to flapping,
especially because of the small-scale environments they usually
exist in. Small, agile birds, capable for performing complex
dives and turns, often have wings with ARs around 3-4°. Larger
aircrafts that carry out fast maneuvers, like fighter jets, often
also have low AR wings even though they exist in high Re
environments. Low AR wings would be ideal for any mission
that requires fast and exact turns, at low or high altitudes, usually
at somewhat smaller scales. They would be perfect for the killer
portion of hunter-killer aircrafts, helping the vehicle execute fast
turns and fly at low speeds to meet its target. Other applications
include small-scale drones and indoor flying vehicles, both of
which would benefit from a high degree of agility.

Pairing low and high AR wings together allows flight vehi-
cles to take on multiple different modes, and save fuel overall.
Morphing between the two, an aircraft could surveil large areas
using relatively little fuel, and then execute fast maneuvers or
fly at slower speeds for closer inspection when necessary.

Discussion

The AR is an important parameter of wing shape, widely used in
traditional equations for flight design and in research into biome-
chanical flight. In airplane design, a high AR correlates to low
induced drag, and increased flight efficiency. In contrast, low
ARs typically represent high maneuverability, and better per-
formance at slow speeds due to supporting higher AOA. These
trends are largely mirrored by research on bird flight, where
high AR are associated with long-distance migration and high-
altitude flight=, %1% 15 Particularly agile birds also utilize low
ARs to achieve fast speeds and turns®"®. In bird flight, the
AR ratio is highly correlated to the HWI, a more accessible
measurement>>. The HWI in birds largely corroborates trends
between the AR and flight efficiency 20/ 27] 28] 29130151l 1y ip-
sects, these trends are much less clear, although some evidence
supports a link between high AR and flight efficiency® 2V 21
,22. Both birds and insects morph their wings during flight,
although most of this morphing occurs passively”. Designs for
aircrafts with morphing wings have emerged globally in the last
century, though there have been few actual flights of vehicles
with significantly changing ARs*0#! 4243 Thoge that have
been flown are restricted to a single kind of morphing, changing
only the wing planform rather than utilizing changes in camber
and twist seen in other designs.

This paper highlights the importance of the AR in wing de-
sign, bridging the gap between engineering models and biologi-
cal examples. By considering the AR across multiple disciplines,
we can look for broader trends confirmed by more than one kind
of flight. Traditional equations, while useful in predicting gen-
eral trends in flight efficiency and maneuverability, only consider
rigid, non-flapping wings in idealized flight. Studies of plane
flight have some of the same limitations, by including only sta-
tionary, gliding wings. By incorporating insights from biological
systems, we can expand our knowledge of how ARs affect flight
in real world conditions, and under different types of flight. Bird
flight in particular includes a wide range of styles, from flapping
to gliding and combinations of the two, confirming the effects
of the AR beyond stationary wings®. Knowing that trends in
the AR remain largely true in both stationary and flapping flight
highlights the importance of wings with morphing ARs in future
designs.

In addition, understanding the limitations of morphing in bird
and insect flight helps to inform future morphing wing designs.
Though biomechanical wings often exhibit some level of mor-
phing, through changes in planform, camber, and twist, there
are very few examples of significant changes in the AR. Insects
in particular exhibit very little morphing of the AR, mainly
adapting their wings through camber and twist'Y. Birds, who
have overlapping feathers, can actively morph their wings while
gliding and diving, although significant changes in AR are still
restricted 4, 33! 136/ 37 Very few birds are able to change their
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ARs radically enough to exhibit both high flight efficiency, and
high maneuverability, through changes in their wings. Therefore,
future wing designs will need to consider morphing technolo-
gies beyond those seen in birds and insects, to fully obtain the
benefits of both high and low ARs.

Lastly, the development of new mechanisms for altering the
AR is necessary, to create wings capable of changing both the
AR and other parameters of flight. While the AR is an important
parameter of flight, connected to the wing span and wing area,
achieving maximum flight efficiency is only possible through
other kinds of wing morphing as well. Current AR morphing de-
signs, such as the MX-1 or Lockheed, are restricted to changing
the wing planform, and are unable to alter the twist or camber of
their wings as other designs can 40 41l Therefore, future designs
will need to incorporate changes in the AR, without neglecting
other kinds of morphing.

Limitations

While the AR is an important parameter of wing shape, it af-
fects only a section of the lift and drag produced in flight. For
example, while the AR affects the LEV and induced drag, it
does not address other key components of flight such as wing
flexibility, camber, or the AOA. The AR is also blind to 3D
changes in wing shape, such as the C-shape adopted by stooping
birds, and therefore cannot fully account for the all the dynamic
adjustments in wing morphology that contribute to flight per-
formance. In addition, the AR doesnt consider the role of other
flight surfaces in generating aerodynamic forces. In birds the
tail plays a large role in generating forces, granting stability and
steering capabilities10. Morphing the tail allows for active adap-
tations to environmental changes in flight, which the AR does
not measure. Though the AR does affect flight, other parameters
can lead to high levels of flight efficiency and maneuverability
that arent reflected in this measurement.

Conclusion

This study examines the influence of different aspect ratios
(ARs) on flight efficiency across biological and mechanical
systems. It concludes that high AR wings are best suited for
high-speed, long-distance flight, while low AR wings excel
in maneuverability. These patterns are consistently observed
in both mechanical flight and bird flight, though they are less
well-defined in insect flight research. The connection between
AR and performance was further explored through the lens of
biological and mechanical morphing wings, which can switch
between flight modes by altering their ARs.

Despite this, biological systems like birds and insects ex-
hibit limited ability to significantly change their ARs mid-flight.
Meanwhile, current mechanical morphing wing designs remain

largely restricted to changes in planform alone. To fully cap-
italize on the benefits of both high and low ARs, future wing
designs must incorporate more advanced morphing capabilities
that extend beyond planform adjustments. This includes the
integration of changes in camber, twist, and other aerodynamic
features. By drawing inspiration from both engineered flight
systems and natural flyers, future morphing wing technologies
can push the boundaries of flight versatility and efficiency across
diverse conditions.
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