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Abstract
Here, we reviewed published aerodynamic efficiencies of gliding birds and similar sized unmanned
aerial vehicles (UAVs) motivated by a fundamental question: are gliding birds more efficient than
comparable UAVs? Despite a multitude of studies that have quantified the aerodynamic efficiency
of gliding birds, there is no comprehensive summary of these results. This lack of consolidated
information inhibits a true comparison between birds and UAVs. Such a comparison is
complicated by variable uncertainty levels between the different techniques used to predict avian
efficiency. To support our comparative approach, we began by surveying theoretical and
experimental estimates of avian aerodynamic efficiency and investigating the uncertainty
associated with each estimation method. We found that the methodology used by a study affects
the estimated efficiency and can lead to incongruent conclusions on gliding bird aerodynamic
efficiency. Our survey showed that studies on live birds gliding in wind tunnels provide a reliable
minimum estimate of a birds’ aerodynamic efficiency while simultaneously quantifying the wing
configurations used in flight. Next, we surveyed the aeronautical literature to collect the published
aerodynamic efficiencies of similar-sized, non-copter UAVs. The compiled information allowed a
direct comparison of UAVs and gliding birds. Contrary to our expectation, we found that there is
no definitive evidence that any gliding bird species is either more or less efficient than a comparable
UAV. This non-result highlights a critical need for new technology and analytical advances that can
reduce the uncertainty associated with estimating a gliding bird’s aerodynamic efficiency.
Nevertheless, our survey indicated that species flying within subcritical Reynolds number regimes
may inspire UAV designs that can extend their operational range to efficiently operate in subcritical
regimes. The survey results provided here point the way forward for research into avian gliding
flight and enable informed UAV designs.

1. Introduction

Gliding and soaring are highly efficient modes of
transportation for birds, requiring substantially less
energy than flapping flight [1–4]. For example, an
albatross can soar for thousands of kilometres by
exchanging energy from the velocity gradient above
the ocean for potential energy, while a hunting kestrel
can hang motionless off a cliff on a gusty day [5–7].
This prowess has led many studies to quantify the
aerodynamic efficiency of gliding birds, but also to a
prevalent belief that gliding birds are more efficient
than man-made equivalent gliders. To this end, bird

wings are often cited as the inspiration for novel effi-
cient unmanned aerial vehicle (UAV) wing designs
[8–10]. Despite the attention within the biological
and aeronautical literature, there is no comprehen-
sive survey of gliding bird aerodynamic efficiency nor
a direct comparison between birds and modern UAVs.
The primary objective of the present work was to
review the existing biological and aeronautical liter-
ature to compile and compare published estimates
of gliding aerodynamic efficiency across all available
avian species and modern UAVs. This survey allowed
us to contrast the varied methodologies used to esti-
mate avian aerodynamic efficiency and discuss their
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differing levels of uncertainty to identify the most
reliable estimates of avian aerodynamic efficiency.

In this survey we focussed on aerodynamic effi-
ciency quantified within the context of steady glid-
ing flight rather than soaring flight. The albatross
and kestrel both provide examples of soaring flight
because they extract energy from the environment,
such as the shear layer over the ocean (a form of
dynamic soaring) or wind deflected by cliffs (static
soaring) [11–13]. Soaring flight is one of the most
common forms of non-flapping bird flight where
soaring performance is dependent on a flyer’s mor-
phology, flight path taken and the velocity gradients
in the environment [12, 14]. The latter two parame-
ters are often dictated by an individual’s behaviour or
local environment. These localized effects make it dif-
ficult to identify a standardized performance metric
to compare within a species, across multiple species,
and to UAVs. In contrast, steady gliding flight is a
special case of non-flapping flight where a flyer’s per-
formance depends only its morphology. In addition,
the aerodynamic efficiency in steady gliding flight is
a predictor of soaring flight performance [15]. Thus,
we selected to explore avian aerodynamic efficiency
through the lens of steady gliding flight to facilitate
a comparative approach.

In this work, we first defined an avian glid-
ing flight regime using published flight speed and
morphological data (section 2). Next, we defined
the equations of motion for steady gliding flight
and highlighted the physical underlying assumptions
that govern these mathematical equations and their
correct implementation (section 3). With the steady
gliding flight assumptions in mind, we compared
and discussed the existing theoretical (section 4) and
experimental (section 5) techniques used to estimate
avian aerodynamic efficiency. Due to the wide variety
of methodologies implemented over the years, we dis-
cussed the uncertainty of each method in detail. Our
survey included all available studies on prepared spec-
imens and live gliding birds from wind tunnels or free
flight. The data and source for each data point is pro-
vided in the supplementary materials (https://stacks
.iop.org/BB/16/031001/mmedia). Works that did not
indicate the method used to determine the reported
aerodynamic efficiencies of birds were not included
in this survey [16, 17].

Finally, we performed a survey of all published
UAV aerodynamic efficiencies and discussed how
these data compare to estimated avian aerodynamic
efficiencies (section 6). This comparison was per-
formed using a subset of the published UAV data that
operate within the same avian flight regime that was
established in section 2. Throughout this work, UAV
refers to non-rotary and non-flapping vehicles that
fall within class I as defined by the NATO classifi-
cation (i.e. UAVs with a mass less than 20 kg) [18].
We avoided the term ‘fixed-wing’ because morphing

wing designs, which transition between multiple wing
configurations, were included in the literature survey.

2. Avian gliding flight regimes

To enable a comparison between two distinct glid-
ers, it is important to quantify two flow similarity
parameters: the Mach number (M) and the Reynolds
number (Re). We surveyed the literature to iden-
tify studies that reported both non-flapping airspeeds
and wing shape parameters to allow a calculation of
the range of M and Re used by gliding birds. The
ranges were computed from live measurements where
birds were observed to hold their wings extended
during some portion of the flight and does not
include any flapping-only flights. Airspeed measure-
ments from both soaring and gliding flights were
included to establish an absolute range of velocities
that birds use non-flapping flight. These airspeeds
were reported using varied techniques including GPS
loggers, rangefinders, radar and wind tunnel studies
[1, 6, 7, 19–100, 192].

The first important flow similarity parameter is
the Mach number (M), which quantifies the com-
pressibility of the flow. M is the ratio of the freestream
velocity to the speed of sound. Defining the M regime
is important when travelling close to or above the
speed of sound. Gliding birds do not approach this
barrier and our review identified the gliding bird M
range is between 0.01 to 0.08 (figures 1(a) and (b)).
Since gliding bird flight occurs below M = 0.3, it can
be modelled as incompressible flow [101].

The second important flow similarity parameter is
the Reynolds number (Re), which quantifies the ratio
of viscous to inertial properties in a flow as defined by:

Re =
ρc̄U

μ
, (1)

where c̄ represents the characteristic length scale,
U represents the incoming freestream velocity and, ρ
and μ represent the air density and dynamic viscosity,
respectively.

Unlike large aircraft or small insects, birds and
UAVs operate at an intermediate Re where neither vis-
cous nor inertial effects can be neglected (figures 1(a)
and (b)). Specifically, our survey identified that birds
glide between a Re of 1.5 × 104 to 5.2 × 105. We
chose the mean projected wing chord (projected wing
area divided by projected wingspan) as c̄ for both
birds and UAVs. In the aeronautical literature, c̄ is
usually chosen as the mean aerodynamic chord (a
weighted average of the wing chord along the span).
However, most avian studies do not publish the wing
chord as a function of span and instead often pub-
lish a mean projected chord calculated from a fully
extended wing. Because birds have been observed to
both increase or decrease their mean projected chord
as wind speeds increase, we expect increased uncer-
tainty on the upper Re bound [20, 69].
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Figure 1. Gliding bird Re and M regimes. (a) Flight regime for gliders. (b) Flight regime for gliding birds coloured by clade. (c)
Re regime for each avian clade, the transparent grey line represents the critical Re ∼= 7 × 104.

Table 1. Phylogenetic grouping of avian species.

Clade Example species

Galloanserae Quail, ducks, geese, chickens
Strisores Common nighthawk, swift
Columbaves Pigeon, wood pigeon
Gruiformes Common crane
Aequorlitornithes Gulls, albatrosses, storks, pelicans
Accipitriformes Hawks, harriers, buzzards, eagles
Strigiformes Great horned owl, barn owl
Coraciimorphae Lewis’ woodpecker, European bee-eater
Australaves Falcons, merlins, kestrals
Passeriformes Starlings, jackdaws, jays, magpies

Next, we separated the collected avian data into
clades following the phylogenetic classification estab-
lished by Prum (figure 1(c)) [102]. Table 1 lists all
major clades that are referenced in this work. Clades
with large species such as seabirds (Aequorlitornithes)
and raptors (Accipitriformes) tend to glide near the
upper bound of the Re range whereas small birds such
as swifts (Strisores) and passerines (Passeriformes)
tend to glide near the lower bound (figure 1(c)). These
trends are largely a function of the overall size of
the birds within these clades. Figure 2(a) shows Re
as a function of the total mass of the bird where
the increasing trend is expected because heavier birds
tend to have larger mean projected chords (̄c) and fly
at higher speeds (U) (figure 2(b)) [103].

Our survey does not encompass all avian bio-
diversity because some birds do not glide and not
all birds that do glide have been studied. Of note,
the Galloanserae clade is absent since there are rela-
tively few reported gliding speeds (table 1). We iden-
tified only one reported gliding measurement from a
member of the Galloanserae clade, the barnacle goose
(Branta leucopsis) gliding at an airspeed of approxi-
mately 14.2 m s−1 (Re = 1.5 × 105 and M = 0.04)
[104].

Next, we separated the avian Re regime into four
sub-regimes that were defined for smooth airfoils by
Carmichael (table 2) [105]. Birds glide within sub-
critical (first two rows) and supercritical sub-regimes
(last two rows). In a subcritical regime (Re � 7 ×
104), once the laminar boundary layer separates from
the surface, the airfoil chord is too short relative
to the flow velocity to allow the separated bound-
ary layer to transition to turbulent flow and reat-
tach [105, 106]. This severely degrades performance.
Carmichael noted that Re � 3× 104 the flow is exten-
sively laminar which results in higher aerodynamic
efficiency (albeit at lower lift coefficients) than in the
higher subcritical sub-regime [105].

The supercritical regimes used by birds are nor-
mally characterized by laminar separation bubbles
(LSBs). LSBs occur when the laminar boundary layer
separates from an airfoil, transitions to turbulent
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Figure 2. Correlations with body mass. (a) Re and (b) mean projected chord (̄c) tend to increase as body mass increases.

Table 2. Re sub-regimes for gliding birds [105, 106, 108]. The
dashed line separates subcritical from supercritical regimes.

Re Clades Example species

1× 104 to Strisores Swifts (low speed)
3 × 104 Aequorlitornithes Small petrel

Coraciimorphae Woodpecker
Australaves Common kestrel, budgerigar

Passeriformes Skylark
3 × 104 to
7 × 104

Strisores Swifts (high speed)
Columbaves Pigeon (low speed)

Aequorlitornithes Prion, small petrel
Accipitriformes Harris’s hawk

Strigiformes Barn owl
Coraciimorphae European bee-eater

Australaves Kestrels, falcons
Passeriformes Jackdaw, magpie, woodpecker

7 × 104 to
2 × 105

Columbaves Pigeon (average speed)
Aequorlitornithes Gulls, albatross, large petrels
Accipitriformes Hawks, vultures, eagles, osprey

Strigidae Barn owl, barred owl
Australaves Falcons

Passeriformes Jackdaw, magpie
2 × 105 to
7 × 105

Columbaves Pigeon (high speed)
Gruiformes Common crane

Aequorlitornithes Storks, pelicans, albatrosses
Accipitriformes Large eagles, vultures, condors

flow, and then reattaches to the airfoil as a turbu-
lent boundary layer [106]. The region of separated
flow is known as the ‘bubble’ and degrades wing per-
formance depending on its stability and length [105,
106]. LSBs can be partially or completely eliminated
by artificially tripping a laminar boundary layer to
transition to turbulent boundary layer. Introducing
surface roughness is one way engineers trip a bound-
ary layer and feather roughness has been shown to
perform a similar function [9, 107]. For Re � 2× 105,
LSBs still exist although the performance markedly
improves over the lower regimes [105].

We found that multiple species such as pigeons,
falcons and owls bridge the subcritical and supercrit-
ical regimes (figure 1(c)). Note that surface rough-
ness may decrease the critical Re and further targeted
research is required to determine the mechanisms

used by birds that fly in these transitional regimes.
Identifying if different tactics are used by the same
species at disparate flow conditions may provide a
promising avenue of future research for low Re UAVs.

Note that table 2 provides a qualitative descrip-
tion of the flow regimes possibly experienced by glid-
ing birds’ airfoils but cannot predict the exact flow
characteristics of the wings. Bird wings are three-
dimensional, rough, porous, flexible and have a vari-
able chord length. As such, a single bird wing may
have airfoils simultaneously operating in multiple Re
regimes that do not correspond to the Re regimes
experienced by a smooth airfoil. It will be necessary
to quantify the true sub-regimes that bird-like airfoils
encounter to determine if species are able to transition
between sub- and supercritical regimes in flight.

3. Steady glide requirements

It is important to define the assumptions built into
a steady gliding framework to support the following
discussions on the most reliable method to estimate
aerodynamic efficiency. Because gliding is a mode of
flight without thrust, we can define the translational
equations of motion for the x and z-axes in the inertial
reference frame aligned with the body axes of a glider
with a body mass (m) as follows (figure 3) [109]:

x − axis : mU̇ = −D + mg sin θ (2)

z − axis : m
U2

rc
= L − mg cos θ. (3)

Here, U is the airspeed determined by the vec-
tor difference between the groundspeed and the local
wind vector. The glide angle (θ) is defined between
U and the Earth horizon. Us is the aerodynamic sink
speed, which is the difference between the inertial
sinking speed and the wind updraft component (for
more information refer to Taylor et al) [12]. U̇ is the
acceleration parallel to the flight path and U2/rc is
the acceleration perpendicular to the flight path given
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Figure 3. Force balance for steady gliding flight.

by the centripetal force due to path curvature (rc).
These equations of motion assume that the glider will
not bank or turn so that all acceleration lies within
the x–z plane. If turning or banking were included,
there would be an additional equation to account for
centripetal acceleration in the y-axis.

Next, for a glide to be considered steady the flight
path must be unaccelerated in all axes. This forces
the left-hand side of equations (2) and (3) to zero
by requiring the airspeed is constant (U̇ = 0) and the
flight path is parallel with the x-axis, (rc →∞). Incor-
porating these two assumptions, we obtain the famil-
iar equation of lift and drag as a function of the glide
angle (θ): (

1

(L/D)

)
= tan θ. (4)

It can be shown that the maximum range (R) for
any given altitude (h) and given wind vector (W) is
achieved at the minimum gliding angle (θmin) and
thus (L/D)max [109]:

(
Rmax

hgiven

)
= tan θmin =

(
1

(L/D)max

)
(5)

(L/D)max is a direct measure of the maximum
range that a glider can cover for a given height and
is the most commonly used metric to quantify a
glider’s aerodynamic efficiency. Because the velocities
are constant, R and h can be replaced in equation (5)
by the velocity components in their respective axes to
calculate L/Dmax as follows:

(L/D)max =

(
U cos θmin

Us

)
max

. (6)

If the glide angle is assumed to be small, this
reduces to:

(L/D)max ≈
(

U

Us

)
max

. (7)

To summarize, the critical steady glide assump-
tions underlying equations (4)–(6) are as follows:

(a) U must be constant (U̇ = 0),

(b) The flight path must be straight (parallel to the
x-axis), and

(c) The measured airspeed must be the true U (i.e.
adjusted for all local wind conditions encoun-
tered by the bird).

From these equations and assumptions, aerody-
namic efficiency can be estimated with one of three
distinct methods that we explored in this survey.
First, a study could predict (L/D)max by theoretically
estimating the minimum drag for an expected lift
condition. Next, a study could experimentally mea-
sure U and Us then use equations (6) or (7) to pre-
dict (L/D)max. This requires that the steady glide
assumptions are satisfied. Finally, a study could exper-
imentally measure lift and drag forces across a range
of flight conditions to directly calculate (L/D)max.
These direct force measurements are only depen-
dent on a glider’s morphology and the tested Re.
To further explore the effectiveness of these var-
ied approaches, we examined the existing theoreti-
cal methods (section 4) and experimental methods
(section 5).

4. Theoretical determination of avian
aerodynamic efficiency

In a steady glide, equation (3) reduces to L = mg cos θ
and equation (6) can be reformulated to show that:

mg/D =
(

U/Us

)
. (8)

This simple yet powerful equation is implemented
within Flight, a popular software developed by
Pennycuick that theoretically predicts the aero-
dynamic efficiency of gliding birds [110]. The
advantage of this approach is that it only requires
information about a bird’s morphology to estimate
drag as a function of U. Then, the programme iterates
across input U to calculate the associated Us and then
from equation (7) calculates (L/D) at each airspeed.
Thus, identifying an estimate for the maximum aero-
dynamic efficiency and the speed for the maximum
efficiency, which is known as the best glide speed.

This methodology is limited by its ability to
accurately predict drag. Drag prediction can be
simplified if drag is separated into its contributing
components. Drag decomposition is non-trivial and
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Figure 4. Drag decomposition methods for a glider.

there are many different approaches used by the aero-
nautical and biological communities. There are three
common ways to decompose drag (figure 4). First,
drag can be decomposed phenomenologically into
vortex-induced drag and parasitic drag [111, 112].
Vortex-induced drag is caused by lift-generated vor-
ticity in the flow and is an inviscid phenomenon
[113]. Parasitic drag is due to flow viscosity and
includes skin friction drag, form drag and inter-
ference drag when gliding in the incompressible M
regime [113]. Skin friction drag is a result of the vis-
cous interaction of the flow with the exposed surface
of the glider. Form drag, also known as pressure drag,
is a result of a pressure distribution caused by the
shape of a glider along its length. Finally, interference
drag is a result of complex flow interactions between
varied components of the glider including the body,
wing and tail. Each component of parasitic drag is
dependent on lift, thus parasitic drag is not equivalent
to zero-lift drag (figure 4) [113].

In contrast, biological literature commonly sep-
arates drag into three components based on glider
geometry: the vortex-induced drag of the wing, the
profile drag composed of the parasitic drag due to
the wing and, the parasite drag composed of the par-
asitic drag due to the rest of the glider (figure 4)
[13, 20, 90, 110, 114]. This component-based sepa-
ration of the drag is particularly useful for flapping
flight work. To investigate the assumptions within
theoretical estimates of avian efficiency, this paper
proceeds using this component-based decomposition
of drag, discussing the estimation of vortex-induced
drag (section 4.1), profile drag (section 4.2), and par-
asite drag (section 4.3).

4.1. Vortex-induced drag
Vortex-induced drag is due to the finite nature of
wings. At the wing tip, there is no separation between

the high-pressure region below the wing and the
low-pressure region above. The resulting pressure
gradient causes a wing tip vortex that induces a down-
wards component of velocity (known as downwash)
[111]. This additional velocity component sums with
the incoming freestream velocity and decreases the
effective angle of attack at the location that experi-
ences the downwash. As a result, the lift and drag
vectors are rotated such that a component of the
lift is oriented towards the trailing edge, parallel to
U (figure 3). This component is known as vortex-
induced drag, induced drag or vortex drag. Vortex-
induced drag is one of the largest contributors to the
drag produced by full-scale aircraft and many aero-
nautical theoretical and experimental studies focus on
reducing its effect [112, 115].

One way to minimize vortex-induced drag com-
monly mentioned within the literature is to increase a
glider’s aspect ratio (AR), given by:

AR =
b2

S
, (9)

where b is the wingspan and S is the selected wing
reference area. High AR wings are usually associ-
ated with lower vortex-induced drag and higher aero-
dynamic efficiency. This qualitative interpretation
requires user caution and an appropriate reference
area, which is usually the total wing area for a non-
planar wing (refer to appendix A for more details).

The dominant role that AR plays in gliding flight
performance analyses is largely due to Prandtl’s clas-
sical lifting line solution [116, 117]. In 1921, Prandtl
published a simple method for predicting the vortex-
induced drag of a straight, planar, rigid wing [118]:

CDi =
CL

2

πeiAR
. (10)

Here, Prandtl derived a span efficiency factor
(ei � 1) that quantifies how closely a planar wing’s
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lift distribution matches an elliptical lift distribution
[119]. An elliptical lift distribution (ei = 1) is the
most efficient lift distribution for a planar wing with
a fixed span [120, 121]. Note that ei differs from the
Oswald span efficiency factor (ev) (refer to appendix
B for details). As both the Prandtl and Oswald span
efficiencies are commonly represented by the same
letter (e) we adopted the subscripted nomenclature
introduced by Spedding and McArthur for clarity
[119]. Commonly, equation (10) is rewritten with an
induced drag factor (ki), where ki = 1/ei as:

CDi =
kiCL

2

πAR
. (11)

Prandtl’s equation assumes a rigid, straight, pla-
nar wing (i.e. no sweep or dihedral) and is strictly
speaking not applicable to bird wings that have
spanwise camber, sweep and flexible feathers [111].
Furthermore, some gliding birds have emarginated
primary feathers, a splayed thumb feather (alula), or
temperature gradients that may induce a spanwise
flow [122–128]. It is difficult to include all the com-
plexity of a bird wing into a single model, which chal-
lenges the notion that a simple analytical expression
for vortex-induced drag is meaningful for bird flight.

In the biological literature, Prandtl’s methodol-
ogy is commonly used with equation (11) and an
estimated ki. However, there are few reliable empir-
ical data to support a prediction of ki especially for
Re < 105 [119]. Spedding used lifting-line the-
ory to predict a ki = 1.04 for a gliding kestrel
[83]. Commonly in the literature, the magnitude
of ki for bird wings is often estimated to be
between 1.1 to 1.2 (ei = 0.83 to 0.91), with the
Flight software using a default value of ki = 1.2
[20, 76, 90, 92, 110, 129–131]. Recent theoretical
work has found that at the best glide speed, the con-
tributions of induced drag will be equal to profile and
parasite drag such that ki could be estimated with
accurate predictions of the other two drag compo-
nents [12]. In all, the implementations of Prandtl’s
equations have returned useful initial estimates of
the vortex-induced drag despite assuming a rigid,
straight, planar wing.

In 1962, Cone extended Prandtl’s work to pre-
dict the minimum induced drag for rigid nonpla-
nar wings with an arbitrary curvature along the span
[132, 133]. Using theorems developed by Munk, Cone
proposed an equation that is similar in appearance to
equation (10) but has a different interpretation of the
variables [132]. To avoid confusion with previously
established variables, we have adjusted the nomen-
clature of Cone’s original variables as follows [132]:

CDi min =
CLp

2

πecARp
(12)

Equation (12) was developed to compare an opti-
mally loaded nonplanar wing to an optimally loaded
equivalent planar wing. The equivalent wing must

produce the same amount of lift as the nonplanar
wing at the same flight conditions. Furthermore, ei

is replaced with Cone’s maximum span efficiency
factor (ec) and, CLp and ARp are from the equivalent
planar wing rather than the nonplanar wing. Cone’s
equation only predicts CDi min for a given wing con-
figuration and cannot be used to predict CDi for any
arbitrary loading condition. This is because ec is only
a constant if the nonplanar wing is optimally loaded
such that the lift distribution minimizes the vortex-
induced drag for the given geometry [132]. ec can in
interpreted as follows: if ec > 1, an optimally loaded
nonplanar wing is more efficient than an equivalent
elliptically-loaded planar wing producing equal lift
[132]. The reverse is true for ec < 1. Note that ec

does not comment on how similar the optimum lift
distribution is to an elliptical lift distribution on the
nonplanar wing unlike the ei interpretation.

Some ambiguity arises when Cone’s results are
introduced to support the hypothesis that ki could
be less than 1 (ei > 1) for a bird wing [13, 67, 83,
110, 123, 134]. Cone did show that some optimally
loaded nonplanar wing configurations could outper-
form their equivalent planar wing (i.e. ec > 1) but
this result does not support the conclusion that ei > 1.
This confusion is likely due to overly similar nomen-
clature between Cone and Prandtl’s work. Despite
this confusion, recent aeronautical studies have sug-
gested that an effective ki for nonplanar wings might
be less than 1 but, further work is required to reframe
Prandtl’s analytical equation with respect to a nonpla-
nar wing geometry [10, 135, 136].

Moving forwards, Cone’s work should be imple-
mented to predict CDi min and verify the validity of
Prandtl’s results for nonplanar bird wings. But to
correctly predict ec a bird’s optimum lift distribu-
tion must be identified. Because birds do not neces-
sarily glide at an optimal loading condition, Cone’s
equation may be irrelevant for predicting the vortex-
induced drag of a live gliding bird [129]. Even for
this case, a gliding bird’s wing configuration could
be analysed with Cone’s method to determine its
optimum lift distribution and thus its maximum
aerodynamic efficiency for the purpose of improving
bioinspired design.

Proper identification of any span efficiency fac-
tor requires knowledge of the lift distribution used in
gliding bird flight. Promising advances in flow charac-
terization and sensing technology have provided mea-
sures of force distributions in flight. One study placed
pressure sensors along the wing of a Canada goose
during take-off to directly measure the pressure dis-
tribution on the wing [137]. This technique has not
yet been implemented in gliding flight. Particle imag-
ing velocimetry (PIV) has provided some of the first
experimental quantification of a live bird’s lift dis-
tribution by measuring the downwash produced by
gliding raptors [138]. Interestingly, the downwash
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distribution did not support an elliptical lift distri-
bution and the authors suggested the gliding raptors
used lift distributions with a constant sectional coeffi-
cient of lift or possibly a bell-shaped lift distribution.

Previous work has implicated the bell-shaped lift
distribution as the lift distribution used by gliding
birds [139]. Prandtl showed that vortex-induced drag
is minimized with a bell-shaped lift distribution when
the weight (implemented as total produced lift) and
the lift moment of inertia is held constant during opti-
mization rather than the wingspan [120, 121]. Note
that the optimal wing with a bell-shaped lift distri-
bution would have a span that is 22% longer than
the elliptical wing. Other optimal lift distributions
have been identified by holding different wing prop-
erties constant throughout optimization [140]. This
suggests that if it is possible to identify the physi-
cal attributes (weight, maximum stress, wing loading,
etc) that have been constrained throughout the evo-
lution of bird wings, it may be possible to estimate
which lift distribution would be optimal for the wing
shapes of modern birds. Such an estimate may pro-
vide a useful starting point but would not be expected
to be the true lift distribution used by gliding birds
because evolution does not specifically optimize for
minimum vortex-induced drag, efficient gliding flight
or even flight at all [141].

The analytical methods discussed herein improve
our ability to estimate a bird’s vortex-induced drag,
but it is important to keep in mind that these ana-
lytical methods can be enhanced with numerical
techniques. Higher fidelity numerical methods have
improved accuracy over classic analytical equations
for rigid nonplanar wings and should inform future
analyses [135, 136, 142]. Currently, there are relatively
few studies that leverage computational fluid dynam-
ics (CFD) methods while analysing a bird wing. This
is likely due to the computational cost of modelling a
complex bird wing or the many wing configurations
that a single bird can assume while gliding. Thus, ana-
lytical equations remain especially important to make
meaningful inferences about the vortex-induced drag
in gliding bird flight.

4.2. Profile drag
Profile drag includes parasitic drag on a wing inde-
pendent of the vortex-induced drag (figure 4) [143].
Profile drag as defined here is dependent on lift
because lift increases the skin friction and form drag
on an airfoil’s upper surface [113, 115]. Profile drag is
quantified with the profile drag coefficient:

CDpro =
Dpro

1/2ρU2S
. (13)

A bird’s profile drag is usually determined with
wake measurements or as the difference between
an experimentally measured drag and the estimated
vortex-induced drag and parasite drag contributions.
Wake measurements on flying animals are sensitive to

the method that they are acquired, which is discussed
in more detail by Dabiri [144]. It is challenging to
experimentally eliminate the contributions of vortex-
induced drag or wing–body interference drag from a
wake-based analysis. Whereas the subtraction-based
method relies on an accurate prediction of vortex-
induced drag and parasite drag, both of which require
many assumptions (sections 4.1 and 4.3) [143].

PIV measurements on prepared osprey (Pandion
haliaetus) wings predicted that the profile drag was
responsible for 15%–30% of the total body drag and
that the contribution of form drag was two to six times
larger than the skin friction contribution [145]. The
sectional CDpro measured at cross-sections along the
wing was 0.03 to 0.06 for the osprey specimen and
0.02 to 0.03 for a live Harris’ hawk (Parabuteo unicinc-
tus) [143, 145]. The hawk measurement was within a
similar range that was obtained using the subtractive
method albeit with very high data scatter [143]. The
entire wing CDpro was found to vary between 0.01 to
0.03 for a live gliding western jackdaw (Corvus mon-
edula) and 0.01 to 0.05 for a live gliding common
swift (Apus apus) [20, 129, 146]. Numerical methods
should be used to further validate these experimen-
tal results. For simplicity in theoretical calculations,
the profile drag coefficient is often assumed to be a
constant value around 0.02 (Flight software defaults
to CDpro = 0.014), or a function of Re based on the
skin friction drag on a flat plate [12, 110].

4.3. Parasite drag
Parasite drag includes parasitic drag on the rest of the
glider (figure 4). It is nondimensionalized by a bird’s
body frontal area (Sb) rather than the wing reference
area [114]:

CDpar =
Dpar

1/2ρU2Sb
. (14)

Quantifying avian parasite drag has been of great
interest and controversy over the years [12, 114]. Early
studies on prepared bird body specimens found rel-
atively high body drag coefficients from 0.2 to 0.4
[69, 90, 114, 147]. However, a wind tunnel analysis
of flapping birds estimated that the body drag coef-
ficient must be significantly lower (CDpar = 0.08) for
the cruise speed to match the estimated minimum
power velocity [148]. Note that this estimation was
done during flapping flight and extended to apply to
gliding flight because the estimated minimum power
velocity is rooted in helicopter theory [149]. Later
an experiment on diving passerine birds estimated a
range of CDpar from 0.08 to 0.4 while a wind tunnel
experiment on common swifts estimated a range from
0.2 to 0.3 [20, 146, 150, 151]. Finally, two separate
experiments on starling bodies found that the para-
site drag was responsible for 4%–14% (CDpar = 0.2 to
0.4) of the total drag on a prepared European starling
(Sturnus vulgaris) specimen [114, 151, 152].

CDpar is usually estimated as a constant around 0.1,
which now the default for the Flight software [110].
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Although parasite drag is dependent on lift, a constant
CDpar is likely a fair approximation because it is widely
agreed that the magnitude decreases only slightly for
large increases in Re [114, 129, 131, 153–155]. But the
use of a constant CDpar across different bird species
is debatable [110]. Heavier birds have proportion-
ally wider and flatter bodies [156]. Increased elliptical
shape provides a streamlining effect that likely reduces
form drag for supercritical regimes [157, 158]. These
trends suggest that form drag could be more impor-
tant for heavier birds that fly in a supercritical regime.

4.3.1. Interference drag
Another factor that contributes to the variable range
of CDpar is the interference drag of the body and other
components of a bird. The body/tail/feet interference
drag is included within the traditional prepared speci-
men measures of parasite drag. The effect of the feet is
to act as an airbrake significantly increasing the over-
all drag [69]. To estimate the maximum aerodynamic
efficiency, the feet are assumed to be ‘tucked-in’ and
covered by covert feathers [110].

The literature shows conflicting effects of
body–tail interactions. One study on a starling body
found that the presence of a furled tail decreased
CDpar by 25-55% and a separate study on starling
bodies showed that the presence of a spread tail
increased CDpar for the same angle of attack [152,
159]. In flapping flight, the presence of a tail on
a flapping black cap (Sylvia atricapilla) increased
total drag, but had no effect for a thrush nightingale
(Luscinia luscinia) [160]. Because some of the initial
estimates used to refine calculations of parasite drag
also came from a flapping flight analysis, it would
be informative for future parasite drag studies to
contrast gliding and flapping flight body postures
within the same species.

The commonly implemented component-based
drag decomposition overlooks interference drag
between the wing, body and tail. Wing–body inter-
ference drag has been implicated as major component
of a bird’s overall drag [114, 152, 159]. This is in
part due to the ability for a bird’s body to produce
lift, albeit much less than the wing. Body-only
models and body–tail models of a starling produced
approximately 5.5% and 25.8% respectively of the
total lift produced by a full model [114, 138, 152].
As a result, there is a pressure difference between
the top and bottom producing vortex-induced drag
on the body [114, 138]. In fact, flow visualizations
of body–tail models have demonstrated a ‘scarf’
vortex on the body that separates at the neck and has
trailing vortices running along either side of the body
[114]. These vortices would likely be interrupted by
the presence of wings on the body–tail model [110,
152]. Measurements on starlings have shown that at
low body angles of attack, the addition of wings at
low incidence angles tend to reduce the body drag
coefficient compared to a body-only model [151].

This suggests that measuring parasite drag on an
isolated bird body does not accurately capture the
drag characteristics in live gliding flight. Regardless,
predicting the wing–body interference effects is
notoriously difficult even for a conventional aircraft
[109]. PIV measurements or high-fidelity numerical
models will be highly valuable to further quantify the
implications of interference drag for gliding birds.

4.4. Theoretical prediction of aerodynamic
efficiency
The Flight software estimates drag as a summation of
vortex-induced, profile and parasite drag computed
using the assumptions discussed above [110]. To
summarize, vortex-induced drag is estimated using
Prandtl’s equation with a constant ki across species.
Profile drag and parasite drag are estimated as a con-
stant across species and Re. Pennycuick improved
these estimations by incorporating a parameter that
accounts for a bird’s variable wingspan [110]. This
programme is commonly used to estimate a bird’s
best glide speed and then compare to the true mea-
sured gliding airspeeds, which has had varied success
across different species and studies [12, 14, 103, 161].

Flight is not the only theoretical method that
estimates the drag on avian wings to predict the aero-
dynamic efficiency. Differing equations have been
developed by Pennycuick in earlier work, Tucker, Eder
and others following similar approaches [35, 68, 90].
It is also common to use an energy conservation
formulation of gliding flight that balances potential
energy with the energy lost due to drag [12, 90, 110,
162, 163].

For the same bird, different analytical equations
have yielded significantly different estimates of aero-
dynamic efficiencies [131]. For example, the (L/D)max

of a wandering albatross (Diomedea exulans) has been
predicted to be 14, 21 and 23 by three different cal-
culations [6, 68, 90]. The model developed by Tucker
(albatross (L/D)max = 14) provided a prediction that
matched a wind tunnel measurement for a black vul-
ture, but overpredicted the efficiency for a laggar fal-
con (Falco jugger) by 19% [66, 90, 92]. In both cases,
Tucker’s model underpredicted the best glide speed
by 2 m s−1. In addition, theoretical methods have
returned some of the highest estimated avian aerody-
namic efficiencies (figure 5(a)). Combined with the
significant discrepancies between models, our survey
results suggest that theoretical estimations are use-
ful to produce an initial efficiency estimate. How-
ever due to the critical underlying assumptions in the
drag prediction methods, these models should not be
considered final without experimental or numerical
validation.

5. Experimental determination of avian
aerodynamic efficiency

Due to the assumptions within and discrepancies
between theoretical models, it becomes important
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Figure 5. Aerodynamic efficiency of gliding birds. (a) Aerodynamic efficiency of gliding birds from velocity measurements, the
solid lines connect measurements on the same individual (b) estimated glide polar (c) aerodynamic efficiency of prepared wings
from wind tunnel force measurements.

to leverage experimental results to advance our
understanding of avian gliding efficiency. Multiple
studies have quantified the aerodynamic efficiency of
live gliding birds, prepared specimens or manufac-
tured bird replicas. Here, we reviewed estimates from
three types of methodologies. First, in section 5.1 we
discuss velocity measurements on freely gliding birds,
where U and Us is measured. Next, in section 5.2
we discuss velocity measurements on birds flying in
a wind tunnel. In section 5.3 we briefly reviewed
the progress made to gain direct force measurements
from a live bird, but there are currently no published
results. Finally, in section 5.4 we discuss direct force
measurements of prepared or manufactured bird
specimens. Figures 5(a) and (b) contain all of the data
collected during our survey of a full bird’s aerody-
namic efficiency [1, 6, 7, 19, 20, 23, 34, 35, 47, 50,
51, 57, 60, 66–71, 76, 90–92, 164] and figure 5(c)
contains all data on wing-only aerodynamic efficiency
[130, 165–169].

5.1. Velocity measurements on freely gliding
birds
While both velocity and force measurements can
be used to predict L/Dmax of a freely gliding bird,
it is most pragmatic to measure the velocity of
a live bird rather than the produced aerodynamic
forces. Yet, this presents its own set of challenges
because the steady glide assumptions must be satis-
fied throughout the measurements. The two common

methods used to measure a bird’s airspeed include
glider-based measurements and rangefinder or radar
tracking measurements.

From the 1920s to the 1970s, sailplanes flew
behind freely gliding birds and estimated the birds’
airspeed and sink speed based on those of the sailplane
[50, 67, 71]. Using equation (7) and thus a small
glide angle assumption, the pilots could estimate the
birds’

(
U/Us

)
max

and (L/D)max [67]. These measure-
ments returned the highest experimentally measured
avian lift-to-drag ratios (figure 5(a)). Unfortunately,
this technique is prone to errors based on differences
in U and the flight path between the bird and the
glider, which makes it difficult to ensure that the three
steady glide assumptions are satisfied. Additionally,
instrumental and analysis uncertainties alone yields
an estimated U error of ±10% [67, 92]. A possi-
ble magnitude for overprediction of this method is
demonstrated by two independent studies on gliding
black vultures (Coragyps atratus). At Re ∼= 2 × 105:
a glider-based study reported (L/D)max

∼= 23 while a
wind tunnel study on a live bird reported (L/D)max

∼=
12 [66, 71]. As such, glider-based measurements are
expected to overpredict a bird’s aerodynamic effi-
ciency in an unreliable fashion.

Tracking technologies such as radar and
rangefinders have enabled sophisticated U and
Us measurements of freely gliding birds [35, 70,
162, 170]. These tools, combined with anemometers
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and weather balloons, have provided increasingly
accurate estimations of a gliding bird’s velocity
[82, 155]. Like glider-based studies these measure-
ments must satisfy the steady glide assumptions,
and it is difficult to identify the local velocities
encountered by a gliding bird. Most studies are
performed on calm days to minimize these errors.
The rangefinders commonly used in modern studies
have a distance accuracy of ±2 m to ±5 m [155, 171].
This gives a relatively high instrumental uncertainty
range which compromises the ability to ensure that
the second steady glide assumption is satisfied. More
recent technological advances have further reduced
measurement error by minimizing the equipment
error [47]. A study on gliding common swifts using
rotational stereo videography observed that the swifts
in a straight, unaccelerated glide, had a (L/D)max

of approximately 9.2. This value is only slightly
lower than wind tunnel estimates on live swifts
((L/D)max = 12.7) and wind tunnel estimates on
prepared wings ((L/D)max = 10.4) (figure 5(a))
[47, 167, 172]. However, the study noted that the
birds appeared to use environmental energy during
measurements. This makes it difficult to satisfy the
third steady glide assumption. Thus, it remains a sub-
stantial challenge to ensure that efficiency estimates
based on a tracked bird velocity satisfies the steady
glide assumptions.

Recent studies have mounted inertial systems onto
freely flying birds using a pitot tube to directly mea-
sure the true airspeed of the bird [12, 73, 173, 174].
This methodology allows researchers to ensure that all
three steady glide assumptions are satisfied through-
out a measurement. One study implemented onboard
devices on a steppe eagle (Aquila nipalensis) including
a pitot tube, barometer and GPS logger [12]. With this
data they were able to reliably determine the airspeed
of the birds in steady gliding flight. Interestingly, their
results showed very good agreement with a previous
radar tracking study lending credence to this simpler
technique [12]. This method has not yet been used to
estimate a bird’s (L/D)max but provides a promising
avenue for future work.

5.2. Velocity measurements on birds gliding in a
controlled environment
The uncertainty associated with velocity measure-
ments can be reduced by relocating a bird from the
complex natural environment to a controlled envi-
ronment such as a wind tunnel or an indoor flight
corridor. In these studies, it is possible to ensure that a
bird performs a steady glide. For these experiments, it
is common to use a tilting wind tunnel with an open
test section to determine the minimum glide angle
of a bird [20, 66, 69, 76, 85, 91, 92]. This is usually
done by manipulating the angle of the tunnel until
a minimum angle is found where the bird will per-
form an equilibrium glide for a given airspeed. This
angle is reported as the minimum glide angle (θmin)

Figure 6. Implications of avian wing morphing. (a)
L/Dmax for each tested Re. (b) Ratio of the wingspan used
at L/Dmax to the maximum wingspan.

of the bird so that equation (5) returns L/Dmax. The
measurement error on (L/D)max is estimated to be
relatively small at approximately ±0.03 or 0.2% in
one study although the uncertainty introduced by low
Re effects are difficult to quantify [20]. Because all
steady glide assumptions are satisfied and the instru-
mental error is low, wind tunnel measurements repre-
sent reliable estimates of avian aerodynamic efficiency
[20]. Further support is provided by two separate
experiments on pigeons that found good agreement
between (L/D)max for a specific U [69, 100].

Contrasting these two pigeon studies highlights
a major challenge in performing live bird wind tun-
nel studies. In one study, the pigeon increased its
mean chord with velocity where the other individ-
ual reduced its mean chord [69, 100]. This results
in an opposite relationship of (L/D)max with Re for
these two individuals even though the responses to U
are indistinguishable (figures 5(b) and 6(a)). Because
practical and ethical considerations limit wind tunnel
investigations to a small sample size, the results will
be dependent on that individual birds’ reaction which
may or may not be representative of the entire species.

Furthermore, it is difficult to decouple behaviour
from maximal capability when working with live ani-
mals. For example, after a certain minimum angle
the birds would not glide and returned to flapping

11



Bioinspir. Biomim. 16 (2021) 031001 Topical Review

[66, 69, 85, 91, 92]. While this provides a measure of
the lowest angle that the individual bird will perform
a glide, it is not possible to determine if this is due
to the species’ physical inability to perform a steady
glide at a lower glide angle or a behavioural choice to
return to flapping flight [100]. Given this behavioural
constraint, wind tunnel studies return an estimate of
a bird’s highest minimum glide angle. This result in
turn dictates a lower bound on a species’ aerodynamic
efficiency.

Freestream turbulence is another important con-
tributing factor in any wind tunnel measurement of
aerodynamic efficiency. Increased turbulence inten-
sity in a bird’s Re range induces flow to transition
from laminar to turbulent [175, 176]. This transi-
tion results in a shorter and thinner LSB, leading to
improved aerodynamic performance on smooth air-
foils. Wind tunnel tests on prepared gull wings also
found aerodynamic efficiency increased as the turbu-
lence intensity increased [165]. Most modern avian
studies use low turbulence wind tunnels, but wind
tunnel studies on live birds require a net to avoid
the bird flying into the contraction chamber. The
net can increase the turbulence intensity to around
1% of the mean flow velocity [76]. This increase in
turbulence intensity will increase the measured aero-
dynamic efficiency on live birds over theoretical pre-
dictions. Therefore, it is important to compare flight
performance characteristics across a consistent level
of turbulence intensity [20, 167].

5.2.1. Effect of wing morphing
Wind tunnel measurements on live gliding birds pro-
vide a secondary benefit because they allow us to
investigate how wing morphing affects avian aero-
dynamic efficiency. It is well documented that many
gliding birds, including gulls, pigeons, swifts, storks,
hawks, and falcons will flex their wing joints to reduce
their wing span as wind speeds increase [20, 35, 66,
69, 85, 91, 165]. It has been hypothesized that this
allows speed control by reducing lift production and
geometric twist to avoid high aerodynamic loads on
the wing [12, 110]. Joint flexure reduces the projected
wing area, which is linearly related to the wingspan
for all tested birds [66, 69]. Wrist and elbow flexion
are largely responsible for the majority of the observed
shape change [85, 165]. For swifts, wrist flexion shifts
(L/D)max towards a higher airspeed while decreasing
the magnitude [167]. Note that some species such as
black-billed magpies (Pica hudsonia) do not morph
their wings as wind speeds increase, instead increasing
the frequency of bounding flight (where the wings are
held close to the body between flapping bouts) [85].

To investigate the implication of wing morphol-
ogy and flight conditions on aerodynamic efficiency,
we compiled data from seven studies that have quan-
tified the aerodynamic efficiency of a live bird in a
wind tunnel while noting the wingspan, projected
wing area, and airspeed (figure 6) [20, 66, 69, 76,

91, 92, 100]. These studies include wind tunnel
velocity measurements from a live common swift,
western jackdaw, black vulture, Harris’ hawk, laggar
falcon and pigeons. When gliding at their minimum
glide angle for each velocity, most individuals reduced
their wingspan as Re increased (figure 6(b)). The fal-
con, jackdaw and swift also folded their tail as Re
increased, further reducing the wetted surface area of
the bird. Pennycuick’s pigeon had a nearly constant
tail area, suggesting the pigeon maintained a folded
tail throughout the entire tested range [69]. Unlike all
other measured species, as Re increased the black vul-
ture increased its wingspan and wing area when glid-
ing steadily at the minimum glide angle [66]. Since
vultures fly near the upper Re range of the investigated
birds (figure 1(c)), it is possible that this behaviour is
due to a growing role of vortex-induced drag at higher
values of Re. This hypothesis requires further investi-
gation but suggests that future morphing wing UAVs
would benefit from analysing the differences between
morphing behaviours of small and large bird species.

5.3. Force measurements on freely gliding birds
and gliding birds in a controlled environment
Technology is trending towards the ability to directly
measure the aerodynamic forces acting on a gliding
bird in a controlled environment (be it a wind tun-
nel or flight arena) but, this is by no means a sim-
ple endeavour [20, 138, 146, 177]. Future studies will
make use of PIV measurements, aerodynamic force
platforms and/or direct pressure sensors installed on
birds’ wings [137, 138, 178]. As it stands, there are
no published direct force measurements of L/Dmax

on a gliding bird, although PIV has been used to
estimate the induced drag, profile drag and para-
site drag from the wake [129, 146, 172, 179]. As the
use of these advanced technologies becomes more
widespread, direct measurements of the aerodynamic
efficiency of a live gliding bird will become more
prevalent and allow validation of other techniques.

5.4. Force measurements on prepared bird
specimens
Wind tunnels can also be used to directly measure
the aerodynamic forces on bird specimens (prepared
using taxidermy techniques) or replicas [180–182].
The advantage to this method is that it allows a direct
measurement of L/Dmax and removes behavioural
considerations. However, when preparing specimens,
it is not possible to guarantee that a bird’s true gliding
posture has been replicated.

Full bird specimens have only been investigated a
few times in a wind tunnel. These studies reported
a low L/Dmax around 4 for both an Alsatian swift
and black kite (Milvus migrans) and 5.6 for a starling
[152, 180, 182]. One author reasoned that these low
results could be caused by active control of feather
flexion in flight [180]. Indeed, a wooden model of a
gull in a gliding flight configuration estimated a highly
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efficient flight with an L/Dmax of 14.3 [181]. The
model did not include feathers thus allowing an
experimental investigation of the true gull shape with-
out the confounding factors introduced by feath-
ers. Future studies that contrast results between pre-
pared specimens, model birds and freely gliding bird
studies will be necessary. Identifying the discrepan-
cies between models and live birds may enhance our
understanding of the active controls used by gliding
birds.

Multiple wind tunnel studies on prepared wings
have been performed over the years. Studies on half-
span bird wings have measured significantly lower
(L/D)max than expected from wind tunnel measure-
ments on live birds (figure 5(c)) [130, 165, 166, 168,
169]. For example, a western jackdaw wing measured
a (L/D)max that was 68% lower than the live wind
tunnel measurement [76, 169]. To date, only one iso-
lated wing measurement reported a higher aerody-
namic efficiency than the full bird; Withers found that
a half-span common swift wing had an (L/D)max of
17, which is 34% higher than the live wind tunnel
measurement [20, 130]. However, a separate study on
full-span common swift wings estimated an (L/D)max

of 10.4, 18% lower than the live wind tunnel measure-
ment [20, 167]. The discrepancies may be the result
of wing preparation or experimental methodology. In
all, the wing-only measurements indicate that the full
bird aerodynamic efficiency is likely higher than the
wing-only efficiency.

This conclusion differs from conventional air-
craft, where the addition of an aircraft body tends to
increase total drag and only slightly increase lift, while
the addition of a conventional tail increases drag and
decreases lift. Thus, the addition of a conventional tail
and fuselage serves to reduce the overall aerodynamic
efficiency. A conventional tail’s negative lift produc-
tion is necessary for pitch stability when the centre of
gravity is aft of the aerodynamic centre [109]. It fol-
lows that if a bird’s aerodynamic efficiency increases,
rather than decreases, with the addition of a body
and tail, then the avian body and tail do not have
the same aerodynamic force production as conven-
tional aircraft. Recent PIV measurements agree with
this hypothesis as they confirmed that the tails of two
owl species and a goshawk (Accipiter gentilis) do not
act as conventional aircraft tails, because they pro-
duced significant positive lift while gliding [138]. By
extending this analysis to more species across varied
flight conditions, we can further investigate the role
of the tail in gliding flight.

5.5. Summary of the estimated avian
aerodynamic efficiency
Finally, we can compare all published avian aero-
dynamic efficiencies estimated with both theoreti-
cal and experimental techniques (figure 5(a)). We
found that the highest predicted avian efficiencies
belong to Pennycuick’s theoretical predictions of

seabird efficiencies including albatrosses and petrels
[36, 68]. Their high efficiency continues well into the
subcritical range where the Wilson’s storm petrel
(Oceanites oceanicus) is predicted to be more effi-
cient than a common swift. Although it is likely that
seabirds such as albatrosses are highly efficient, recall
that Tucker’s analytical model yielded an efficiency for
an albatross that was 40% lower than Pennycuick’s
estimate bringing the accuracy of these very high
efficiencies into question [68, 90].

Only glider-based studies and theoretical results
have predicted avian efficiencies above (L/D)max =

14.3 [6, 15, 19, 35, 50, 67, 68, 70, 71]. After these
measurements, the highest aerodynamic efficiency is
from the wind tunnel measurements on a carved
wooden gull that returned an (L/D)max of 14.3 [181].
For the advanced tracking techniques discussed in
section 5.1.2 the highest measured (L/D)max was 12
from a common crane [70].

Examining all reported avian efficiencies high-
lights the need for estimates of Us to be highly
sensitive. Using all reported efficiency estimates, we
determined that the minimum Us for a steady glid-
ing birds falls between 0.4 m s−1 to 3 m s−1, with
the majority of species falling at or below 1 m s−1

(figure 5(b)) [57, 68]. This small range suggests that
theoretical methods reliant on Us predictions (such
as Flight) and experimental direct measurements of
Us must provide accurate estimations on the order
of 0.01 m s−1 to differentiate between species. As the
expected efficiency increases, Us measurement accu-
racy must increase accordingly.

Our survey identified that measurements on live
birds in a controlled environment provide the most
reliable measure of aerodynamic efficiency. The high-
est aerodynamic efficiency from a wind tunnel study
is from the swift and western jackdaw both with an
(L/D)max of approximately 13 [76, 172].

6. Comparison to UAV efficiency

The consolidated results on avian gliding aerody-
namic efficiency can now be compared to non-copter
UAVs that fly in a comparable Re and M number
regime. We further limited the identified UAVs to
those that had control surfaces. Unlike birds, who can
switch between powered (flapping) and gliding flight,
most of the UAVs in our survey are continuously pow-
ered by a propeller. In this case, quantifying aerody-
namic efficiency takes on a secondary use because the
maximum range of a propeller-driven aircraft is also
directly proportional to (L/D)max [109].

The identified UAVs in our study had wing load-
ings and a total mass on the same scale as birds
(figures 7(a) and (b)) [21, 26–28, 30, 33, 36–38,
40, 48, 54, 80, 81, 89, 96]. However, multiple UAVs
were lighter than birds that flew at similar Re,
including Aerovironment’s Black Widow and the
Colorado MAV [38, 40]. One heavier exception was
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Figure 7. Selected UAVs for comparison to birds. (a) UAV
and bird masses (b) UAV and bird wing loading (c) UAV
aerodynamic efficiency by measurement type.

the URCUNINA-UAV, which weighs 16 kg and has a
wing loading of 21 kg m−2 [27].

As with gliding birds, there are many different
methods to predict UAV aerodynamic efficiency. Our
literature survey included force measurements from
wind tunnel experiments, velocity measurements
from onboard equipment in free flight, and numer-
ical predictions from CFD methods. The uncer-
tainty of each method can be highly variable, and
we will briefly mention some key contributors for
each method. Beginning with wind tunnel data,
experiments at low Re have an estimated

(
L/D

)
max

uncertainty of ±8.5%, although the uncertainty will
depend on the experimental setup [183]. Estimates
from free flights are subject to higher uncertainty
than wind tunnel or numerical results, where even
UAVs specifically designed for meteorological appli-
cations have a reported velocity measurement error
of 0.02 m s−1 to 0.5 m s−1 [184]. Although these

errors are higher than the 0.01 m s−1 accuracy
required to differentiate between species, these errors
are expected to be lower than the tracking-based
measurements on free flying birds due to the abil-
ity to ensure the steady glide assumptions are satis-
fied with onboard velocity measurements. Numerical
predictions using vortex lattice methods (VLM) are
often calculated using XFLR5. This method is suc-
cessful for initial design purposes but it underpredicts
the total drag and overpredicts the aerodynamic effi-
ciency [185]. VLM solutions have been removed from
the analysis because of the high associated uncer-
tainty. CFD is a more reliable, though more compu-
tationally expensive solution. Errors in CFD analyses
can arise due to numerical discretization and uncer-
tainty within the model itself. For further details, refer
to reviews by Najm and, Oberkampft and Blottner
[186, 187]. In all, we expect that data from free flights,
CFD, or wind tunnel measurements provide a reli-
able estimation of a UAV’s aerodynamic efficiency
(figure 7(c)).

Our survey found that the aerodynamic efficiency
of UAVs that fly in the same regime as birds, ranges
from an L/Dmax of 3–14 with a few exceptions
(figure 7(c)). The URCUNINA-UAV and an SBXC
glider have high reported efficiencies with L/Dmax of
18 and 24, respectively [27, 36]. This is not a sur-
prise as URCUNINA-UAV was designed for volcano
monitoring and utilizes a pusher propeller configura-
tion while the SBXC is a hand-launched unpowered
glider. Keep in mind that the URCUNINA-UAV has
a higher wing loading than an equivalent bird, which
indicates a lower stall speed. Stall speed refers to the
minimum velocity that a flyer can operate in steady,
level powered flight and does not relate to a gliding
flight condition.

The aerodynamic efficiency of a bird can now be
directly contrasted against the efficiency of compa-
rable UAVs (figure 8). For completeness, figure 8(a)
includes all published estimates of avian and UAV
aerodynamic efficiency. However, given the associ-
ated uncertainty that we identified with theoreti-
cal predictions and glider-based studies, we limited
our avian data points to only wind tunnel measure-
ments (figure 8(b)). With this reduced data set, we
found that there was at least one UAV design that
had a higher aerodynamic efficiency than any mea-
sured bird operating within the same supercritical Re
sub-regime. This observation is based on the airfoil
sub-regimes defined by table 2 with divisions demar-
cated by the x-axis ticks in figure 8(b). As discussed in
section 5.2, these avian data points represent a mini-
mum bound on aerodynamic efficiency and it is pos-
sible that these birds are physically capable of more
efficient glides.

If we reconsider the full dataset in figure 8(a),
it remains possible that birds can outperform UAVs
operating within supercritical regimes. Note that even
with the full dataset, a UAV (the SBXC) is still the most
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Figure 8. Aerodynamic efficiency of birds compared to UAVs. (a) All published avian efficiency metrics (b) avian efficiency
measurements from wind tunnel only.

efficient glider in our study [36]. Unfortunately, we
found high uncertainty in the published avian the-
oretical estimates and that wind tunnel results have
not been able to measure birds that are expected to
be highly efficient (such as an albatross). Therefore,
we cannot state with absolute certainty that birds are
more or less efficient than UAVs in the supercriti-
cal Re regimes. At best it can be noted that the effi-
ciency of birds and comparable UAVs in supercritical
Re regimes appear to be within a similar range.

We only were able to identify one comparable
UAV with a published aerodynamic efficiency metric
operating in the subcritical Re regimes. This is possi-
bly because the subcritical regimes are dominated by
rotary or flapping wing designs. The CICADA UAV (a
low-cost, disposable glider) with an L/Dmax = 3 sub-
stantially underperformed the western jackdaw, lag-
gar falcon and swift that fly within this same regime
(figure 8(b)) [20, 37, 76, 92]. Subcritical UAVs are
often designed to maximize their wing area (thus
maximizing the wing chord for a fixed wingspan) to
provide controllability and stability at the expense
aerodynamic efficiency [64]. In addition to stabil-
ity requirements, the CICADA and other fixed-wing
UAV designs must satisfy constraints on their geome-
try such as the need to stack easily within a specified
enclosure [37]. Unlike the CICADA, the jackdaw and
falcon can morph their wings to both adjust their sta-
bility characteristics and fold their wings flat to their
body when needed [165, 188]. It is likely that birds’
adaptable wing geometry allows geometric and sta-
bility constraints to be satisfied without needing to
sacrifice performance when flying in these subcritical
regimes.

6.1. Differences in aspect ratio used by UAVs and
birds
To further explore possible differences in wing geom-
etry, we compiled the aspect ratio of each bird and
comparable UAV. Our survey revealed that the pro-
jected AR of birds tends to be higher than the

projected AR of most comparable UAVs (figure 9(a))
[1, 6, 7, 19, 22, 29, 34, 35, 39, 45, 47, 49–51, 57,
59, 60, 68, 70–76, 79, 83–86, 88, 90, 97–99, 152,
164, 180–182, 188–191]. This observation comes
with two caveats. First following our recommenda-
tion in appendix A, a bird’s AR will be lower than in
figure 9 as it should be calculated with the total wing
area rather than the projected area. Second, most of
the reported bird AR’s were computed from a fully
extended wing due to the difficulty associated with
attaining a morphological measurement at the same
time as a velocity measurement. In figure 9, the solid
data points are true measurements of in-flight pro-
jected AR while the hollow circles represent a birds’
maximum projected AR and it is known gliding Re or
aerodynamic efficiency.

Low Re UAVs often minimize AR for multiple
reasons, including controllability, stability and drag
concerns [54, 193]. As wing area is maximized to pro-
vide controllability and stability, the AR is reduced
[64]. Further, increasing the AR of an engineered
wing operating at low Re substantially increases the
parasitic drag without an equivalent decrease in
the vortex-induced drag [193, 194]. Minimizing AR
ensures that UAVs will have the largest possible Re
to allow any laminar separation to transition and
reattach (creating an LSB), which reduces the pro-
file drag on the vehicle and improves its performance
compared to fully separated flow conditions [193].
Designing UAVs with these drag constraints in mind
allows for low AR designs to provide relatively high
aerodynamic efficiency (figure 9(b)).

For small birds, it is possible that higher AR
wings are successfully implemented at low Re because
the reattachment of LSBs is not a limiting fac-
tor in bird flight. Recent bioinspired studies have
shown that feather roughness reduces the size of
the LSB, thus reducing the form drag and lending
credence to this hypothesis [9, 107, 195]. However,
one study of artificial owl wings found that feather
roughness increased the skin-friction drag causing
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Figure 9. Investigating the effect of projected AR. (a) Projected AR of birds and UAVs as a function of Re. (b) Projected AR of
birds and UAVs as a function of (L/D)max.

overall performance degradation [195]. This may be
a result of varying roughness scales or an owl-specific
phenomenon. Feather porosity may also play a role
as experiments on porous plates and airfoils (with-
out externally added mass flow) have shown increased
skin friction drag compared to smooth models
[196–199]. Further investigation of an airfoil with
biologically accurate roughness and porosity will be
necessary to identify the mechanism that allows birds
to effectively utilize high aspect ratios in low Re flows.

We fit a linear model to the aerodynamic effi-
ciency values with explanatory variables of projected
AR and Re for the live wind tunnel avian data and
the UAV data. This revealed that increasing the pro-
jected AR increases the aerodynamic efficiency for
both birds and UAVs (avian estimate: 0.61 p-value =
0.04, UAV estimate 0.85: p-value < 0.001). However,
when the model was adjusted to include species as an
explanatory variable, we found that there were statis-
tically significant differences between common swifts
and all other species expect for the western jackdaw
(p-value < 0.001). Further, AR no longer had a sta-
tistically significant effect (estimate: 0.22 p-value =

0.139). This strong effect of species on the linear
model again highlights the importance of avoiding
qualitative assumptions of how the AR affects the
aerodynamic efficiency especially when comparing
across species. This analysis should be enhanced in
the future once there are more wind tunnel measure-
ments on live gliding birds to increase the number of
observations in the model.

7. Perspectives and future directions

Current challenges in studying avian flight include
low Re effects, feather flexibility, roughness, poros-
ity and nonplanarity of the wings. Within this lit-
erature survey, we used a single metric (L/D)max,
to quantify gliding flight performance. (L/D)max

is a critical parameter for gliding at low Re due
to performance degradation, but this is just one

quantifiable gliding flight parameter. Successful glid-
ers must simultaneously optimize other parameters
such as endurance, maximum achievable lift coeffi-
cient, minimum drag coefficient, and so on [28, 52,
200]. In addition, we focussed only on steady gliding
flight rather than soaring flight to allow direct com-
parisons across species and to UAVs. However, iden-
tifying a birds’ flight path and analysing the potential
benefits and applicability to UAV path planning is an
ongoing area of research [82, 97, 98].

The aerodynamic efficiency of a gliding bird has
been well studied over the years, but due to the vari-
ability of study techniques it has been challenging to
extract a clear picture of gliding bird efficiency. To this
end, we compiled a complete and comparable dataset
of all published gliding bird’s aerodynamic efficiency
metrics to comment on how efficient birds are rela-
tive to similar-sized UAVs and to motivate informed
bioinspired UAV designs.

First, we highlighted the uncertainty associated
with the theoretical prediction of drag for a gliding
bird. We investigated theoretical drag estimates using
a component-based decomposition that included
vortex-induced drag, profile drag, and parasite drag.
Vortex-induced drag for avian wings is currently pre-
dicted with Prandtl’s lifting line equation for straight,
rigid, planar wings, which does not capture the true
complexity of avian wings. Cone’s equation can pre-
dict the minimum vortex-induced drag on a non-
planar rigid wing if its optimum lift distribution
is known. Profile and parasite drag coefficients are
normally determined from empirically derived con-
stants assumed to be approximately the same for all
bird species. Additionally, we found that theoretical
avian drag prediction neglects the interference drag
between the wing and body, which may substantially
affect the overall prediction. Despite the considerable
assumptions built into the estimation of each drag
component, theoretical drag predictions provide a
useful initial estimate for a gliding bird’s aerodynamic
efficiency. These analytical approaches are especially
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valuable when it is not possible to fly a specific species
in a controlled environment. Looking forward, the
accuracy of theoretical drag predications should be
improved by renewed efforts into developing analyt-
ical equations for complex wing shapes operating at
low Re. To support these theoretical developments,
further experimental work using flow imaging tech-
nologies like PIV will be required to identify the lift
distribution used by a wide variety of species during
steady gliding flight.

Next, we investigated and contrasted the differ-
ent methods used to estimate avian aerodynamic effi-
ciency. We found that glider-based measurements
and methods that use theoretical drag predictions
to estimate birds’ Us are subject to a high level of
uncertainty and large discrepancies between different
studies. Radar and rangefinder tracking methods have
reduced uncertainty compared to glider-based stud-
ies due to their improved ability to satisfy steady
glide assumptions throughout a measurement. Wind
tunnel measurements further reduce the measure-
ment uncertainty by relocating the bird into a
controlled environment. Yet, wind tunnel force mea-
surements on prepared wings and full bird specimens
significantly underpredict the expected aerodynamic
efficiency of a gliding bird. Given these results, we
identified that wind tunnel studies on live gliding
birds are the most reliable estimates of a bird’s aero-
dynamic efficiency as they provide a lower bound on
the true aerodynamic efficiency. Additionally, wind
tunnel studies on live birds can obtain quantitative
measures of the wing configurations adopted by a
gliding bird at each test condition. Unfortunately, it
is not feasible to perform wind tunnel experiments
on all species of birds at all flight conditions due to
the experimental time and because some birds are too
large or too rare to fly in a controlled experimental
set up. Therefore, wind tunnel studies are limited to
small sample sizes and subject to an individual bird’s
behaviour.

Are gliding birds more aerodynamically efficiency
than modern UAVs? To answer this question, we com-
pared all estimates of avian aerodynamic efficiency to
those reported for modern UAVs. Due to the high
uncertainty in the theoretical equations and glider-
based measurements, we cannot definitively state that
birds are more or less efficient than modern UAVs
in the supercritical Re regimes. This non-result indi-
cates that advances in experimental and analytical
methods are required to reduce the uncertainty in
gliding bird aerodynamic efficiency estimates. At that
stage, it will be possible to make an informed deci-
sion on whether avian inspired UAV designs can
yield increased efficiency compared to modern UAV
designs in the supercritical Re regimes.

Does the current literature offer any indica-
tion about the efficiency of birds vs UAVs in the
subcritical Re regimes? Due to the lack of pub-
lished UAV aerodynamic efficiencies in this range, we

hypothesized that the subcritical range is dominated
by rotary and flapping-wing UAV designs. As birds
use a high projected AR and still efficiently glide in
subcritical regimes, future subcritical UAV designs
might be able to extend their operational range into
lower Re while maintaining high aerodynamic effi-
ciency by drawing inspiration from smaller birds like
swifts, jackdaws or falcons. Specifically, future avian
inspired UAV designs should focus on identifying
which aspect(s) of avian wing morphing will sat-
isfy the mission-specified constraints on geometry,
stability and any other applicable categories.

Our survey additionally highlighted two promis-
ing questions that could be explored for implemen-
tation in avian-inspired UAV design. First, how do
species such as pigeons and owls effectively transi-
tion from subcritical to supercritical regimes? Second,
what are the defining characteristics of the true flow
regimes encountered by the rough, porous, flexible
avian airfoil?

Extraordinary progress has been made towards
understanding gliding bird flight, but more research
is required to effectively design future avian-inspired
UAVs. Avian flight has inspired many UAV designs;
however, it is often accomplished qualitatively rather
than quantitatively. It is important to recognize both
the progress made by the biological community to
quantify aerodynamic parameters of gliding birds and
the progress made by the engineering community to
design successful low Re UAVs. Contrasting results
from both communities has highlighted that it will be
necessary to develop improved analytical and exper-
imental methods to predict avian aerodynamic effi-
ciency. These continued efforts will advance a holistic
understanding of avian flight and further identify the
most beneficial aspects of avian flight that should be
used to inform the design of state-of-the-art, highly
efficient, low Re UAVs.

8. Conclusions

We provided a summary of published research on
avian aerodynamic efficiency in steady gliding flight
for the first time, noting the differences in estima-
tion methodologies. This analysis allowed us to iden-
tify that theoretical and experimental methods that
calculate efficiency with estimates of Us must be
accurate on the order of approximately 0.01 m s−1

for differentiable results. Measurements on live birds
in controlled environments provide the most reli-
able minimum estimate of avian gliding efficiency.
Next, we provided a survey of the literature on
similarly sized, non-copter UAVs. Our comparison
between these two groups revealed no evidence that
either birds or UAVs operating in supercritical Re
regimes are more efficient gliders. However, our sur-
vey highlighted the high efficiency of gliding birds in
subcritical Re regimes which suggests that future
avian-inspired morphing wing UAV designs may be
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able to extend their operational capabilities into these
lower Re ranges.
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Appendix A

It is important to recognize that the nondimensional
form of Prandtl’s solution can be misleading when
used for qualitative purposes. Confusion is intro-
duced by the arbitrary selection of the reference area
that is used to nondimensionalize the aerodynamic
coefficients [115]. For example, the dimensional form
of equation (10) reveals that the total induced drag
(Di) is not dependent on a wing’s AR or any reference
area, but rather on its wingspan as follows:

Di =
L2

(1/2)ρU2πeib2
(A1)

This is especially important to keep in mind when
qualitatively comparing wings using AR or a proxy
for AR across different species [201, 202]. Consider
a hypothetical case of two identical wings except that
wing A has a more cambered airfoil than wing B.
Focussing only on AR would lead to the conclusion
that these wings perform equally. However, wing A
will produce more lift and thus have higher vortex-
induced drag than wing B. Since there is evidence of a
wide variation of airfoil shape between birds species,
AR alone should not be used to qualitatively predict
trends in vortex-induced drag and thus performance
between disparate species [203–205].

Furthermore, the amount of curvature along the
wingspan known as spanwise cambering will affect
the selected reference area. Currently, it is common
practice to use the projected wing area of an extended
wing as the reference area in avian flight analyses
[110]. However, using the projected wing area causes
spanwise cambered bird wings to be nondimension-
alized by a reference area that is demonstrably less
than their total available lifting surface. Additional
challenges arise because the spanwise cambering of
a bird’s wing varies across its range of motion [165].
This is likely a greater issue for birds with noticeable

spanwise cambering such as gulls and with minimal
effect for birds with predominately planar wings like
swifts. However, we recommend that avian studies
use the total wing area to nondimensionalize aero-
dynamic coefficients and to calculate AR. This cap-
tures the total available lifting surface of a bird’s wing
and facilitates comparisons across varied wing config-
urations within an individual and across species with
different amounts of spanwise cambering.

Appendix B

The Oswald span efficiency factor includes con-
tributions from both vortex-induced drag and
the lift-dependent components of parasitic drag
[109]. Equation (A2) represents a phenomenological
decomposition of drag (figure 4) with the parasitic
drag further deconstructed. In the place of CDparasitic

there is a component that is dependent on an
empirically-defined relationship with lift (rCL

2) and
a component that is independent of lift (zero-lift
drag, CD0 ) as follows:

CD = CDi + (CD0 + rCL
2) (A2)

Regrouping equation (A2) highlights how
Prandtl’s span efficiency factor (ei) is related to the
Oswald span efficiency factor (ev) [109, 119]:

CD = CD0 +

(
r +

1

πeiAR

)
CL

2

= CD0 +
1

πevAR
CL

2 (A3)
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