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ABSTRACT
Even though Unmanned Aerial Vehicles (UAVs) operating at

low Reynolds numbers are becoming common, their performance
and maneuverability are still greatly limited due to aerodynamic
phenomena such as stall and flow separation. Birds mitigate
these limitations by adapting their wings and feather shapes
during flight. Equipped with a set of small feathers, known
as the alula, located near the leading edge and covering 5%
to 20% of the span, bird wings can sustain the lift necessary
to fly at low velocities and high angles of attack. This paper
presents the effect on lift generation of different placements of
a Leading-Edge Alula-inpsired Device (LEAD) along the span
of a moderate aspect-ratio wing. The device is modeled after
the alula on a bird, and it increases the capability of a wing to
maintain higher pressure gradients by modifying the near-wall
flow close to the leading-edge. It also generates tip vortices that

∗Address all correspondence to this author.

modify the turbulence on the upper-surface of the wing, delaying
flow separation. The effect of the LEAD can be compared to
traditional slats or vortex generators on two-dimensional wings.
For finite wings, on the other hand, the effect depends on the
interaction between the LEADs tip vortices and those from the
main structure. Wind tunnel experiments were conducted on
a cambered wing at post-stall and deep-stall angles of attack
at low Reynolds numbers of 100,000 and 135,000. To quantify
the aerodynamic effect of the device, the lift generated by the
wing with and without the LEAD were measured using a 6-axis
force and torque transducer, and the resulting lift coefficients
were compared. Results show that the location of the LEAD
yielding the highest lift enhancement was 50% semi-span away
from the wing root. Lift improvements of up to 32% for post
stall and 37% for deep stall were obtained at this location,
demonstrating that the three-dimensional effects of the LEAD
are important. The lift enhancement was also more prominent
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on a finite moderate aspect-ratio wing (3D) than on an airfoil
(2D), confirming that the LEAD is a three-dimensional device.
Identifying the configurations and deployment parameters that
improve lift generation the most is needed to design an adaptive
LEAD that can be implemented on a UAV wing for increased
mission-adaptability.

Nomenclature
α Wing Angle of Attack (AOA)
αSTALL Wing Stall AOA
αZL Zero-Lift AOA
ÆR Wing Aspect Ratio
β LEAD AOA Relative to Wing Chord Line
γ LEAD Tip Deflection Angle
b Wing Span
bA LEAD Span
c Wing Chord
cA LEAD Chord
CL 3D Lift Coefficient
Cl 2D Lift Coefficient
LA Alula Length
Lb Bird Span
Lc Alula Root to Wingtip Distance
Lw Extended Wing Length
Re Reynolds number
yA LEAD Root to Wing Root Distance (%)
CL0 3D Baseline Lift Coefficient
Cl0 2D Baseline Lift Coefficient
CLα 3D Lift-Curve Slope
Clα 2D Lift-Curve Slope

1 INTRODUCTION
Over the past decade, the use of Unmanned Aerial Vehi-

cles (UAVs) has expanded beyond military applications. In fact,
UAVs can now be encountered in countless commercial and re-
search applications. In these areas, the vehicles have small char-
acteristic lengths, operate in confined spaces as well as close to
humans, and are assigned various tasks that demand high ma-
neuverability. Therefore, safety and mission adaptability, defined
as the ability to successfully complete multiple tasks (simple or
complex) using the same vehicle, are important design factors. In
nature, mission adaptability is encountered in avian flight as birds
engage in complex maneuvers such as take-off, landing, diving,
gliding, perching, and hovering using the same flight apparatus.
Both bird wings and UAV wings with conventional airfoils op-
erate at low Reynolds numbers, which is characterized by low
speeds and small flight surfaces [1]. However, the flight enve-
lope of UAVs at low Reynolds numbers is currently not as large

as it is for birds due to aerodynamic limitations, which greatly
contributes to mission adaptability. According to aerodynamic
principles, the best method to produce high lift at low speeds
is to increase the lifting surface’s angle of attack. However,
this angle can only be increased up to the stall angle of attack,
αSTALL, beyond which lift generation is limited by flow sepa-
ration [2] [3]. Therefore, alternative methods to generate high
lift at low Reynolds numbers are necessary to achieve mission-
adaptability.

This paper proposes a Leading-Edge Alula-inpsired Device
(LEAD) as a lift-enhancement and stall-mitigation device for fi-
nite wings with low to moderate aspect ratios operating at low
Reynolds numbers. In this paper, the authors seek to understand
the effect of varying the LEAD root location along the wing span
on lift generation. It also addresses how well the device per-
forms on a moderate aspect ratio wing (3D) compared to an air-
foil (2D). Understanding the LEAD configurations that enhance
lift and mitigate stall the most is crucial to develop an adaptive
design for the device.

2 BACKGROUND AND PREVIOUS WORK
2.1 High-lift Aerodynamics, Leading Edge Devices

Currently, high-lift devices, such as flaps, slats, and vortex
generators, are used to enhance lift and to delay separation on
lifting surfaces operating at both low and high Reynolds num-
bers [4]. A lifting surface equipped with these devices generates
sufficient lift to stay airborne at low velocities and high angles of
attack. This is typically achieved by modifying the chord and the
camber of the airfoil of the lilting surface or by modifying the
boundary layer surrounding it [5]. Devices currently in use on
aircrafts include trailing edge flaps, which are used to modify a
wing’s chord and camber to delay stall [6]. Devices that modify
the boundary layer surrounding the wing include vortex genera-
tors, which create vortices that energize the boundary layer over
the upper surface of a wing [7]. Aircrafts also use leading-edge
slats, which modify the adverse pressure gradient on the wing’s
airfoil such that they are less prone to stall [8]. Currently, these
devices are well-suited for large aircrafts; hence, they are large,
heavy, and actuated by complex mechanisms. Therefore, further
investigation is necessary to design adequate high lift devices for
small-scale UAVs.

2.2 Alula in Avian Flight
Birds have a high-lift device located near the wing leading-

edge called the alula feather structure. The alula, also known as
’bastard wing’, is comprised of 2 to 6 feathers and allows the bird
to fly at low speeds and high angles of attack. In cruising condi-
tions, it remains stowed along the upper surface of the wing near
the leading-edge. During high angle of attack maneuvers, such
as take-off, landing, and perching, the alula has been observed
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to deploy away from the wing upper surface. Previous studies
by biologists on the role of the alula in bird flight concluded that
the feather structure delays flow reversal on the surface of a wing
flying at high angles of attack [9], [10], [11], [12].

Bird wings have been classified into four types (A, B, C, and
D) by Saville et al. [13]:

1. Type A, elliptical wings, are most common in birds that fly
in confined environments, such as forests.

2. Type B, high-speed wings, are encountered in migratory
birds that fly at higher speeds and open spaces.

3. Type C, high aspect-ratio wings, are typical in birds that fly
over water and long-distances without needs to frequently
take-off and land.

4. Type D, high-lift wings, and best-suited for birds of prey
which fly at low speeds and frequently take-off, land, and
perch. The airfoils of these wings are highly cambered [14],
and their alulae are larger than those on other wing types.

Alvarez et al. [15] investigated the characteristics of alulae
on various bird species equipped with these four types of wings
and compiled their results in a detailed database. The results
of this study confirmed that birds equipped with type D wings
exhibit the most pronounced alulae. Table 1 shows a summary of
the type D wings and alulae dimensions of the species evaluated.
As recorded in table 1, the length, or span, of the alula for high
lift wings ranges from 14.4% to 19.4% of the full bird span. With
respect to the wing root, the alula root for a high lift wing is
located between 28.6% and 41.4% semi-span away.

Morphologically, the alula is located at the joint between the
hand-wing and the arm-wing of birds as shown in figure 1 [16].
The arm wing is located inboard of the alula and is comprised
of large bones and muscles, providing mechanical support to the
wing. Due to its structure, the cross-sections in this portion of the
wing consist of thicker airfoils. Smoother adverse pressure gra-
dients form around this region, making it suitable for low speed
flight. The hand wing is located outboard of the alula and mostly
consists of feathers, structures that are thinner and more flexible
that bones. This portion of the wing is comprised of thinner air-
foils that are well-suited for high speeds [10]. Since a type D
wing is well-adapted to low speed flight, its arm wing is large,
and the alula is located further outboard than on wings of other
types [15]. Due to these factors, birds equipped with Type D
wings depend on the effects of their pronounced alulae to achieve
mission adaptability.

2.3 Alula in Engineering (2D)
While the role of the alula in avian flight has been investi-

gated by many researchers, the first implementation of an engi-
neered alula device (LEAD) for lift enhancement and stall mit-
igation can only be found in an experimental study conducted
by the authors on a cambered airfoil equipped with the LEAD

FIGURE 1. Schematic of a goshawk wing with cross-sections at var-
ious spanwise positions. The thickest airfoil-like sections are located
at the wing root and become thinner toward the tip. Adapted from
Videler [16].

at low Reynolds numbers [17] [18]. The results of this study
have shown that the LEAD affects the airflow in two main ways.
First, it modifies the boundary layer near the wing leading-edge
to increase the capacity of the airfoil to sustain higher pressure
gradients. This effect is also known as the slat effect. Second,
the alula generates a tip-vortex that produces a streamwise flow
on the upper surface of the wing. This tip-vortex effect adds mo-
mentum to the flow and delays flow separation at steep angles
of attack. An airfoil equipped with the LEAD as presented by
Mandadzhiev et al. [18] produces more lift and delays flow sep-
aration.

Since the alula is typically found on birds with low and mod-
erate aspect-ratios, a 2D experiment gives an insightful but in-
complete picture on the implementation of the LEAD on a lifting
surface. Therefore, an experiment on a finite wing is necessary
to further understand the aerodynamic effects of the device.
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TABLE 1. Database of Type D (High-Lift) Wings as Recorded by Alvarez et al. [15]

Bird Species Alula Length Wing Aspect Ratio Alula Root to Wing Tip Alula Length to Bird Span
La [m] AR Distance Lc/Lw Ratio 2La/Lb

Bubulcus ibis 0.07 7.239 0.600 0.169
Ciconia ciconia 0.14 8.402 0.586 0.146
Milvus migrans 0.11 7.465 0.678 0.158
Gyps fulvus 0.16 6.345 0.653 0.144
Hieraaetus pennatus 0.11 7.403 0.669 0.182
Falco naumanni 0.05 8.03 0.714 0.152
Tyto alba 0.07 7.689 0.654 0.156
Otus scops 0.04 5.886 0.633 0.194
Athene noctua 0.04 5.784 0.665 0.188
Strix aluco 0.07 6.198 0.645 0.175
Average 0.09 7.004 0.649 0.166

FIGURE 2. Wind Tunnel Experiment Setup of Rectangular Wing
with s1223 Airfoil Cross-Section Equipped with LEAD Specimen.

3 EXPERIMENTAL SETUP
Wind-tunnel experiments were performed to measure the lift

generated by a moderate aspect ratio wing. Measurements at
low Reynolds numbers were taken for a baseline configuration
and for wing equipped with a LEAD. The tests were conducted
in an open-loop wind tunnel at University of Illinois Urbana-
Champaign. The wind tunnel has four test sections of expand-
ing areas to minimize streamwise pressure gradients. The first
section, which is closest to the wind tunnel inlet, was chosen for
the experiment due to the low boundary layer thickness and tur-
bulence levels. The cross-section is rectangular with a height of
0.45m and a width of 0.9m. To measure the lift generated, the
wing-LEAD assembly was firmly mounted to an ATI Gamma 6-
axis force transducer. The test apparatus was then mounted to
the side wall of the wind tunnel as shown as figure 2.

3.1 Wing and LEAD Test Specimens
To achieve similar aerodynamic effects as the wing shapes

and alula morphological parameters observed in the bird species
discussed previously (table 1), the semi-span (distance from
wing root to tip, b/2) for the test specimen was set to 220mm,

FIGURE 3. Model of rectangular test wing equipped with LEAD
specimen showing the LEAD root at the yA = 50% location.

the chord (c) to 80mm, and the wing aspect ratio (AR) was 5.5.
The selected airfoil for this wing was the S1223, which has a
maximum thickness of 12.1% at 19.8% of the chord and a max-
imum camber of 8.1% at 49% of the chord. This high-lift and
highly cambered airfoil is similar to typical type D wing pro-
files [14] [19].

The LEAD test specimen covered 15% of the wing span,
with a mean chord (ca) of 18.7mm and a span (bA) of 67.5mm.
The wing was designed with slots in which the LEAD speci-
men can be secured at different locations (yA) along the span.
A model of the rectangular wing equipped with the LEAD are
shown in figure 3. Additionally, the tip of the LEAD specimen
was deflected at an angle γ with respect to the wing upper sur-
face and the LEAD chord was set to an angle of attack β relative
to the main wing’s chord for all measurements conducted. The
airfoil profiles, the LEAD relative angle of attack (β ), and the tip
deflection angle (γ) are defined in figure 4 and their values were
varied as summarized in 3.2.
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FIGURE 4. Illustration of the wing-LEAD assembly showing the
tested geometric parameters β and γ . Adapted from Mandadzhiev et
al. [18].

3.2 Experiment Matrix
The wind speed in the wind tunnel was varied to produce

low Reynolds numbers of 100,000 and 135,000. The wing angle
of attack (α) was varied from -10◦ to 40◦ in increments of 1◦ to
obtain the baseline lift coefficients. Since the LEAD is a post-
stall device [17], the LEAD and wing assembly was evaluated
only at high angles of attack (α) of 18◦, 26◦, and 34◦.

The following LEAD geometric parameters were tested:

– LEAD AOA relative to wing chord: β = -18◦, -13◦, -10◦,
-5◦,

– LEAD tip deflection angle: γ = , 4◦, 13◦, 22◦,
– Distance from wing root to LEAD root, as a percentage of

the semi-span (b/2): yA = 30%, 40%, 50%, 60%, 70%.

4 RESULTS
Since the wing evaluated in this experiment is finite with

a moderate aspect ratio, three-dimensional corrections were ap-
plied to the linear region of the two-dimensional Cl vs. α curves
to validate finite wing lift curve slope. The change in lift-curve
slope is based on the wing aspect ratio and is given by equa-
tion 1 [1]. The baseline lift coefficient obtained at each angle
of attack as shown in figure 5, validating the experimental data
against published Cl vs. α curves for the s1223 airfoil [20].

CLα =Clα

AR
(AR+2)

(1)

The baseline lift coefficients used to compute the lift im-
provements due to the LEAD are marked at each angle of attack
of interest as shown in figure 6.

FIGURE 5. Validation of 3D experimental results at Re = 100,000
against the s1223 airfoil data published by Selig et al. in [20].

FIGURE 6. Experimental results showing the lift coefficient gener-
ated by the 3D wing at Re = 100,000 and Re = 135,000. The wing-
LEAD assembly was tested at each angle of attack α marked.

4.1 Effects of LEAD Spanwise Placement on Lift
Figure 7 shows the percent change in lift coefficient, be-

tween the baseline wing and the wing equipped with the LEAD,
plotted against the LEAD angle of attack (β ) and deflection (γ)
at Re = 100,000. The plots shown are main effect plots; thus,
the contribution of only one geometric parameter is presented
while the second parameter is averaged (e.g. the top plots show
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FIGURE 7. Percent difference in lift coefficients generated by the baseline wing and the wing-LEAD assembly (Main Effects) at Re = 100,000.

%CL vs. β with averaged γ values at different locations ya). The
results indicate that the LEAD increased the lift generated by
the wing at post-stall (α = 18◦) and deep stall (α = 26◦) angles
of attack. The greatest increase in lift due to the LEAD was to
32% and occurred when the wing is in deep stall. This highest
increased was obtained when the LEAD was placed 50% semi-
span away from the wing root. Once the device was moved fur-
ther outboard of this location, however, the lift enhancement de-
clined but still remained favorable. Once the LEAD has reached
the most outboard location (70% semi-span away from the wing
root), the LEAD tip protruded outboard of the wing tip, and all
configurations generated lift coefficients lower than the baseline.
For all locations, a LEAD relative angle of attack of β = -5◦ re-
sulted in the greatest lift enhancement at post-stall, whereas β =
-13◦ performed best in deep stall. Furthermore, under all stall
conditions and at all locations, a tip deflection of γ = 22◦ con-
sistently yielded the highest increase in lift coefficient at most
angles of attack.

The performance for the same geometric parameters at Re =
135,000 is shown in figure 8. In this case, the wing stall angle
αSTALL increased from 10◦ to 20◦. As a result, α = 18◦ became
a pre-stall angle of attack, so α = 26◦ was labeled post-stall and
α = 34◦ deep-stall. The results obtained were similar to Re =
100,000, except the location yielding the best performance was
yA = 60% in the post-stall condition. Additionally, the greatest
increase in lift, up to 37%, produced by the LEAD occurs when
the wing is in post-stall. Similarly to Re = 100,000 results, lift
enhancements declined as the LEAD was moved outboard of the
location of highest improvement. Furthermore, a tip deflection
of γ = 22◦ and relative angle of attack of β = -13◦ consistently
increased the lift coefficient the most at all locations and angles
of attack.

4.2 LEAD as a Three-Dimensional Device
To evaluate the LEAD as a three-dimensional device, the im-

provements in lift coefficient obtained at the location (yA) yield-
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FIGURE 8. Percent difference in lift coefficients generated by the baseline wing and the wing-LEAD assembly (Main Effects) at Re = 135,000.

ing the highest increased were compared to the results obtained
in the airfoil configuration as tested by the authors in [17] for a
given Reynolds number and stall conditions. The results shown
in figure 9 indicate that the device enhanced the lift coefficient
generated by the wing for both cases. However, the finite wing
with a LEAD generated a higher percent lift difference compared
to its airfoil counterpart. At Re = 100,000, the LEAD on an air-
foil yielded CL improvements ranging from 1% to 5% in both
post-stall and deep stall conditions. While the LEAD on a finite
wing improved the lift coefficient within ranges similar to the air-
foil configuration at post-stall, the results show that it enhanced
CL significantly more with a range of 9% to 32% in deep stall. At
Re = 135,000, the airfoil configuration yielded a higher increase
in lift, ranging from 11% to 22% in post-stall compared to Re =
100,000. The finite wing configuration, on the other hand, gener-
ated an increase of 11% to 29%. Overall, the results show higher
lift enhancement when the LEAD is placed on a finite wing as
opposed to an airfoil.

5 DISCUSSION

Based on the results obtained, the LEAD is a post-stall lift-
enhancing device when placed on the leading edge of a finite
wing of moderate aspect-ratio. In fact, for most configurations
tested, the device enhanced the post-stall and deep stall lift co-
efficients. As the root of the LEAD was moved outboard from
the wing root, the percent changes in lift coefficient with respect
to the baseline increased. When the device was moved outboard
of the location yielding the highest lift increase, the lift declined
to its lowest value once the tip of the LEAD protruded outboard
of the wingtip. Since each placement of the LEAD root affected
the lift coefficient differently, the three-dimensional effects of the
device are important under these flight conditions. In general, the
LEAD root placement that yielded the best performance in this
experiment was in the middle of the semi-span (50%), which was
more outboard of the wing compared to the average alula loca-
tion on type D avian wings. Since the test specimen was a uni-
form and rectangular wing, its airfoil distribution across the span
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FIGURE 9. Comparison between lift percent differences generated by a LEAD on a wing (3D) and a LEAD on an airfoil (2D).

did not vary like bird wings (fig 1). In this experiment, the en-
tire wing was more similar to the arm wing, which is the region
with thicker airfoils; therefore, the LEAD achieved the highest
lift enhancements at a location further outboard than the average
alula location in avian wings. Lastly, based on the comparison
between the three-dimensional and two-dimensional test results,
the LEAD generated a higher lift increase on a finite wing than it
did on an airfoil confirming that it is a three-dimensional device.

Based on the placement and deployment parameters that
produced the highest lift enhancement, a small, flexible, and
deployable LEAD structure can be developed. Since size and
weight are great limitations on UAVs operating at low Reynolds
numbers, a well-suited high lift device need to meet those cri-
teria, as opposed to fixed, large, and heavier slats commonly
seen on todays aircrafts. The development of a passively de-
ployable structure calls for further understanding and modeling
of low Reynolds number flow around a lifting surface.

6 CONCLUSION
This paper presented a Leading-Edge Alula-inspired Device

(LEAD) lift-enhancement and stall-mitigation device for low to
moderate aspect ratio (3D) wings at low Reynolds number. The
aerodynamic effects of the device were evaluated through wind
tunnel experiments on a high-lift cambered wing. Results show
enhanced lift coefficients of up to 32% at post-stall and 37% at
deep stall angles of attack. The percent change in lift generated
by the rectangular 3D wing equipped with a LEAD, as compared
to baseline, was sensitive to the spanwise placement of the device
with respect to the wing root. The device also produced higher
lift coefficients on a moderate aspect-ratio wing (3D) than it did
on an airfoil (2D). These results prove that the LEAD is a three-
dimensional device and its spanwise placement is an important
design parameter. The location resulting in the largest improve-
ment was the middle of the semi-span. The correlations between
aerodynamic performance, flow conditions, and best deployment
parameters can be further developed and used to design an adap-
tive and deployable LEAD that can be implemented on a finite
wing to increase mission-adaptability (i.e. expand the flight en-
velope).
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