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Abstract: Bird tails play a significant role in aerodynamics and stability during flight. This paper
investigates the use of bioinspired horizontal stabilizers for Micro Air Vehicles (MAVs) with Zimmer-
man wing-body geometry. Five configurations of bioinspired horizontal stabilizers are presented.
Then, 3-component external balance force measurements of each horizontal stabilizer are performed
in the wind tunnel. The Squared-Fan-Shaped Horizontal Stabilizer (HSF-tail) is selected as the opti-
mal horizontal stabilizer that provides the highest aerodynamic efficiency during cruise flight while
maintaining high longitudinal stability on the vehicle. The integration of the HSF-tail increases the
aerodynamic efficiency by more than 6% up to a maximum of 17% compared to the other alternatives
while maintaining the lowest aerodynamic drag value during the cruise phase. Furthermore, balance
measurements to analyze the influence of the HSF-tail deflection on the aerodynamic coefficients
are conducted, resulting in increased lift force and reduced aerodynamic drag with negative tail
deflections. Lastly, the experimental data is validated with CFD-RANS steady simulations for low
angles of attack, obtaining a relative difference on the measurement around 5% for the aerodynamic
drag coefficient and around 10% for the lift coefficient during the cruise flight that demonstrates a
high degree of accuracy in the aerodynamic coefficients obtained by external balance in the wind
tunnel. This work represents a novel approach through the implementation of a horizontal stabilizer
inspired by the structure of the tails of birds that is expected to yield significant advancements in
both stability and aerodynamic efficiency, with the potential to revolutionize MAV technology.

Keywords: MAYV; bioinspired; balance measurements; bird tails; aerodynamics

1. Introduction

Significant advancements in technology, particularly in both the military and civil
fields, have inspired the conception of innovative Micro Air Vehicles (MAV) concepts. They
are characterized by their small size and low speed range, similar to birds. The MAV
designs are constrained by low Reynolds numbers (Re = 10* — 10°), which represents a
significant challenge in terms of generating sufficient lift while maintaining control and
stability mission requirements [1].

The remarkable similarity between birds and MAVs offers a valuable advantage for
adapting bird flight mechanisms to aeronautics. This likeness allows the exploration and
application of bird flight principles in these vehicles at a level of detail that is not possible to
achieve with larger conventional aircraft [2]. The integration of bird flight mechanisms into
MAVs can lead to potential improvements in the maneuverability, versatility, and efficiency
of these small-sized vehicles.

Birds exhibit a high ability to modify both the shape of their wings and tail during
flight, allowing them to actively control their movements in both lateral and longitudinal
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directions [3]. The variation in shape and size of bird tails depends on the bird species.
Some bird tails are long and pointed, while others are short and rounded. The shape of the
bird tail is directly related to flight function. For instance, predatory birds such as hawks or
eagles tend to have longer tails for maneuvering and chasing prey, while other birds such
as sparrows or woodpeckers have short, rounded tails for greater flight stability [4].

The bird tails are highly specialized aerodynamic structures that play a crucial role
in aerodynamics, control, and stability of flight. They act as a rudder, allowing the bird to
change its direction in flight and adjust its position in the air. When a bird tilts its tail to
one side, it creates a difference in aerodynamic force between the sides, an aerodynamic
momentum, which allows turns and changes in direction. The tails generate lift and
drag to facilitate the bird’s turn in its three axes (yaw, pitch, and roll) while maintaining
its stability over an ample range of flight speeds, making them especially useful in low-
speed flight. During takeoff and landing maneuvers, the tails provide additional lift that
improves wing functions and maintains stability during flight, avoiding control loss [5,6].
However, the increase in aerodynamic drag is related to the size of the tail. Therefore,
the larger the tail area, the greater the aerodynamic drag. Tail span will produce an
increase in drag, but it does not necessarily contribute significantly to lift [7,8]. As a
consequence, to achieve aerodynamically efficient flight, the shape of the tail and its length
must be influenced. This breakthrough in the understanding of bird flight, combined
with progress in the manufacturing capabilities of such vehicles (including the additive
manufacturing of scale models for wind tunnel testing) and their diverse applications, has
driven the research and development of vehicles inspired by the biological characteristics of
birds [9,10]. Consequently, it becomes necessary to highlight the current state of knowledge
surrounding the aerodynamics, flight control, and stability of bio-inspired morphological
vehicles. Although there are studies based on MAVs inspired by flapping birds [11,12],
the development of bioinspired tail mechanisms in these vehicles is limited. The most
advanced vehicle design to incorporate a bio-inspired tail, having progressed through the
design, analysis, and flight test phases, is the “LisHawk” vehicle developed by Ajanic [13].
This vehicle was inspired by the Northern Goshawk, a bird known for its agility and
maneuverability in forested environments and its stable, high-speed flight in open areas. To
replicate these capabilities, the authors designed a model with multiple mechanisms that
controlled artificial feathers, enabling adjustments in both wing and tail characteristics. The
tail was specifically designed to modify the spreading angle, incidence angle, and rotation
around the Z-axis (yawing). Experimental tests were conducted using various wing and
tail combinations, revealing that a negative tail incidence (upward deflection) resulted in a
decrease in lift force. Furthermore, Ajanic discovered that in order to generate sufficient lift
to support the body weight and minimize power requirements during steady level flight at
slow speeds (below 7.6 m/s), it became essential to increase the spreading and incidence
angles while also extending the wings. The results demonstrated that a synergy between
these structures facilitated changes in agility, stability, maneuverability, flight speed range,
and energy efficiency. The “LisHawk” vehicle enhanced aerodynamic efficiency during
flight by dynamically varying the shape of its tail and wing, rendering it versatile and
efficient in diverse flight conditions.

Zhen et al. [14] developed a similar tail design to that of the “LisHawk” vehicle, with
overlapping elements resembling feathers. This new tail design had a bifurcated shape
and the ability to adjust the angle of incidence, spreading angle, and rotation around the
longitudinal symmetry axis of the vehicle (rolling) to control the pitch and yaw at the same
time. The main advantage of this tail was that it adjusted the stability and maneuverability
of the vehicle. Another benefit was the modification of lift and drag characteristics, resulting
in an enhancement of the lift-to-drag ratio when the tail area was reduced. It is important
to note that, to date, only preliminary simulations have been performed to evaluate its
performance.

Recent research, led by Murayama et al. in [15], focused on the development of a
tail mechanism inspired by bird tail feathers for bio-inspired vehicles. To evaluate its
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aerodynamic efficiency, force and moment measurements were conducted using a six-
component balance in a wind tunnel, while the attitude of the tail was varied in terms of
the pitch, roll, and yaw angles relative to the vehicle. The experimental data confirmed that
both the aerodynamic efficiency (in terms of mechanical efficiency) and controllability of
the vehicle can be enhanced by modifying the vehicle attitude precisely. In conclusion, their
findings suggested that employing tail attitude-based aerodynamic control may be able
to cope with the restricting requirements of improving the stability and maneuverability
of vehicles. Another important research project in this field was led by Chang [16], who
designed an ingenious artificial feather tail mechanism inspired by the rock pigeon (Columba
livig). This tail design features the ability to adjust the angle of incidence, spreading angle,
lateral deviation, and rotation, with the purpose of analyzing how the combination of these
adjustable parameters could improve the maneuverability of an unmanned aerial vehicle.
A flight test was conducted in which this vehicle was shown to be the first aerial robot to
successfully verify its ability to maneuver using lateral tail deviation.

A limited two-degree-of-freedom tail mechanism was proposed by Parga [17] for
implementation in a MAV. He developed a V-rotating tail mechanism with control in over
rotation around the longitudinal symmetry axis of the vehicle and the angle of incidence.
Forces and moments were measured in a wind tunnel, revealing that the rotating tail
exhibited a high drag coefficient for a constant angle of attack when the incidence of the
tail was increased to 70°, which could effectively function as an air brake.

Other authors investigated the possibility of using MFC (Macro Fiber Composite) actuators
on their bioinspired tail designs; thus, Gamble and Inman [18] and Perez-Sanchez et al. [19]
used this technology for yaw control over a wide range of slip angles and pitch control.

As can be seen from the literature, the configuration of bird tails presents substantial
value in achieving improved longitudinal stability and aerodynamic efficiency during
the flight of Micro Air Vehicles (MAVs). This paper investigates the possibility of using
bioinspired horizontal stabilizers for MAVs with Zimmerman body-wing geometry.

In particular, the MAV with a Zimmerman wing configuration developed between
INTA and ETSIAE (UPM) [20,21] is the object of this study (its main features are detailed in
Section 2.1). The main objective is to implement a bioinspired horizontal stabilizer incorpo-
rating the benefits of the geometrical characteristics of bird tails through an experimental
analysis in the wind tunnel to improve the aerodynamic efficiency and longitudinal stability
of the initial MAV. Consequently, five horizontal stabilizers inspired by the main types
of bird tails existing in nature are analyzed. These five configurations are the result of a
previous numerical parametric study [22], in which the influence of the most relevant tail
geometric parameters was analyzed (their characteristics are presented in Section 2.2). In
this numerical analysis [23], the Horizontal-Square-Fan-Shaped stabilizer (HSF-tail) pro-
vided the highest aerodynamic performance in terms of maximum aerodynamic efficiency
during the cruise phase as well as maintaining high longitudinal stability on the vehicle.

In this work, force measurements using a 3-component external balance (designed
and manufactured specifically for this MAV vehicle) of each horizontal stabilizer are
conducted in an INTA low-speed wind tunnel. The experimental data shows that the
Horizontal-Square-Fan-Shaped stabilizer (HSF-tail) provides the highest aerodynamic
efficiency during the cruise flight as well as maintaining a high degree of longitudinal
stability. This data is validated with the previous numerical data based on CFD-RANS
simulations [24], demonstrating high accuracy in the obtained results. Moreover, this paper
presents an innovative investigation of emulating avian adaptations in our MAV through
the implementation of a horizontal stabilizer inspired by the structure of bird tails. The
experimental data represents improvements in the performance of our MAV.

2. Bioinspired MAV
2.1. Base Model

The base model of the MAV was designed and developed as a result of a collaboration
between INTA (Instituto Nacional de Técnica Aeroespacial) and ETSIAE (Escuela Técnica
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Superior d Ingenieria Aerondutica y del Espacio) at Universidad Politécnica de Madrid
(UPM) [22]. The primary aim of this design was to simulate bird flight for enhanced
aerodynamic performance in flight (see Figure 1). The initial design of the vehicle had
an overall length of I = 0.30 m, a wingspan of b, = 0.32 m, and a low-aspect-ratio of
LARy = 2.50 [23,24]. The rest of the geometric characteristics of the base model are
presented in Table 1.

/

8

[ POLITECNICA
Figure 1. Base model developed between INTA and ETSIAE (UPM) [25,26].

Table 1. Geometrical features of the base model [24].

Geometrical Features of the Base Model Value
Fuselage length, [ 0.30 m
Fuselage width, d 0.060 m

Dihedral angle, I'y, 10°
Wingspan, by, 0.32m
Wing tip chord, ct,, 0.025m
Wing root chord, ¢, 0.20m
Wing reference surface, S;,f 0.04 m?

Taper ratio, A 0.124

Aspect ratio, ARy 2.50
Mean aerodynamic chord, cma 0.141 m
Mean geometrical chord, cmg 0.127 m

The vehicle was designed with a low-aspect-ratio to fly at low Reynolds Numbers
(Re). To achieve a considerable wing while maintaining the aspect ratio (AR) around 2, the
Zimmerman configuration emerged as an optimal solution. Moreover, this wing boasts a
high theoretical aerodynamic efficiency, C; /Cp, surpassed only by the elliptical planform
with the same aspect ratio. The Zimmerman wing is the closest to nature compared with
the elliptical planform.

The Zimmerman planform is composed by merging two halves of ellipses at a reference
point where one is at 1/4c¢,, and the other is at 3/4c;, as illustrated in Figure 2.
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Figure 2. Zimmerman wing configuration (left) and airfoils (right) [23,24].

The wing is composed of Eppler 61 airfoils (Figure 2) due to efficiency behavior in
low Reynolds number (Re) flows with progressive stall. Airfoils with small thicknesses
compared to their chord have a turbulent boundary layer across most of their operating
envelope, causing early boundary layer separation. Despite this leading to certain draw-
backs, such as increased aerodynamic drag due to friction, it offers the main advantage of
providing the vehicle with a more predictable stall entry. This turbulent regime can delay
stall due to the highly energetic nature of the airflow [25,26].

For the fuselage design, Whitcomb II airfoils (Figure 2) were employed. This airfoil
enhances the overall lift of the vehicle while maintaining low drag. Additionally, the
maximum thickness of this airfoil is 35% of the chord, providing ample cavity to house
all mission components such as electronic components, ultra-light cameras, batteries, and
electrical engines. The selection of this type of fuselage allows the wing-fuselage joint to
maintain the desired continuity, improving the overall aerodynamics of the vehicle.

2.2. Bioinspired Horizontal Stabilizers

The primary objective of this work is to improve the aerodynamic performance
(Cr/Cp) and longitudinal stability (C;;s) of the base model. In pursuit of these improve-
ments, the point of inspiration came from bird tails due to their remarkable aerodynamic
and flight stability characteristics during flight.

Bird tails exert a substantial influence on aerodynamics and stability, particularly
by generating extra lift during slow flight maneuvers such as take-offs and landings.
This additional lift accounts for up to 30% of the total lift that sustains birds in the air.
Furthermore, bird tails play a significant role in the maneuverability and agility of flight,
providing an extra surface that effectively manipulates the air and helps maintain the bird’s
orientation in three-dimensional flight.

In this paper, five horizontal stabilizer configurations inspired by one or a combination
of two bird tails are analyzed experimentally (see Figure 3). The preliminary design of
each horizontal stabilizer configuration is detailed in a previous numerical work [22]. The
selection of these configurations was conducted by focusing on the main types existing in
nature (squared, forked, wedge, pointed, fan, notched, doubled, and rounded).

The Horizontal-Rounded-Fan stabilizer (HRF-tail) is inspired by a combination of
rounded and fan-shaped tails; the Horizontal-Squared-Fan stabilizer (HSF-tail) is inspired
by square and round shaped-tails; the Horizontal-Forked stabilizer (HFK-tail) is designed
based on the forked shaped-tail; the Horizontal-Notched stabilizer (HN-tail) is basically
the notched-shaped tail; and finally, the Horizontal-Wedge stabilizer (HW-tail) is similar to
the wedge-shaped tail.
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Figure 3. Bioinspired Horizontal Stabilizers for the base model [24].

It is important to highlight that all these configurations are designed with a constant
horizontal stabilizer surface (Sj;) and the same airfoil. Therefore, the airfoil selected was the
symmetric NACA 0012 airfoil due to its high aerodynamic performance (C; ) during cruise
flight at low Reynolds numbers. In addition, it is an airfoil used in the design of stabilizers
for vehicles of similar dimensions. The design of these horizontal stabilizers, along with the
selection of each geometrical parameter, were obtained in a previous numerical work [22].

Table 2 shows the geometric parameters of the bioinspired horizontal stabilizers for
the MAV. The variations in span (by,), chord (cy,), aspect ratio (AR},), dihedral angle (I';) and
incidence angle (§) among the horizontal stabilizers came from data obtained in [22]. These
values were extracted through a numerical optimization process.

Table 2. Geometric parameters of the bioinspired horizontal stabilizers for the MAV [17].

Configurations by, (mm) ¢y, (mm) ARy, I,(°) (%)
HSEF-tail 200 170 2.10 0 0
HRF-tail 196 166.6 2.10 -1 0
HSF-tail 200 170 2.10 0 0
HFK-tail 215 121 2.10 3 0
HN-tail 196 170 2.05 -1 0
HW-tail 196 170 2.05 -1 0

3. Experimental Set-Up
3.1. Wind Tunnel

All experimental tests were conducted in a low-speed wind tunnel, specifically the WK
860060-E model of Westenberg Engineering, located at the Instituto Nacional de Técnica
Aeroespacial (INTA). This wind tunnel is an open circuit with a closed circular test section
with a diameter of 600 mm and a length of 1200 mm. The airflow speed within the tunnel
can be regulated by a frequency variator, reaching a maximum of 60 m/s.

3.2. External Balance

A three-component external balance is used to measure the forces acting on the vehicle
in the wind tunnel. This particular external balance was designed, manufactured, and
calibrated specifically for this vehicle at INTA.

The external balance consists of a metallic structure that allows decoupling the forces
to be measured. This is mainly composed of various mechanisms, including both hollow
and solid metal rods, as well as other essential components necessary for the final assembly,
such as locking or balancing elements (see Figure 4). The instrumentation is achieved by
employing piezoresistive sensors, which consist of three bending load cells fixed to various
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mechanisms using bearings and bushings. In Figure 4, LC — 1 is the load cell with a 0-200 g
measuring range placed horizontally to measure the pitching moment (My); LC — 2 is the
load cell that measures the aerodynamic drag force (D), it is placed vertically and with a
measuring range between 0 and 1000 g; and finally, LC — 3 is the load cell that measures
the lift force (L) and is placed horizontally with a 0-200 g measuring range. The forces and
pitching moment are obtained along the balance axes (X, Y, Z). The lift force (L) maintains
the direction of the balance axis Z, the aerodynamic drag force (D) opposes the uniform
velocity (Us), in the balance axis X, and the pitching moment (M) is obtained at the
reference point O along the balance axis Y.

LC —1: 200 g load cell (M,)
LC —2:1000gload cell (D)
LC —3:200¢g load cell (L)

Figure 4. Three-component external balance with the semi-MAV model.

The signal from each load cell is processed using HX711 modules, which serve as
analog-to-digital converters (A/D converters), in conjunction with an Arduino microcon-
troller. Each load cell is directly connected to an HX711 module, functioning as an interface
between the load cell and the Arduino microcontroller. The HX711 module is responsible
for reading the Wheatstone bridge formed by each load cell and converting the analog
signal into a digital signal by means of an internal 24-bit A /D converter.

The digital output signals generated by each HX711 module are transmitted to the
digital inputs of the Arduino microcontroller. The microcontroller operates on a 5 V power
supply sourced from the USB of a computer. Finally, the Arduino microcontroller commu-
nicates with the computer so that automated digital data acquisition can be performed.

The data is received in discrete digital units, measured in bits. The calibration pro-
cess for the external balance enables the correlation between these digital units and the
corresponding physical units for each measurement channel.

For each load application case, a record of the three electrical signals is stored for a
recording time of 10 s with a sampling rate of 10 Hz, resulting in 100 measurements equally
spaced in time. The HX711 A/D converter boasts a resolution of 224 — 16,777,216, a value
significantly higher than the potential error of the load cell. In this case, following the



Drones 2024, 8, 16

8 of 20

manufacturer’s specifications, the load cells are considered to have an error over full-scale
equal to € = 0.05% = 0.0005 = 5-10~#, being well below the resolution of the converter.
Consequently, the acquisition of the balance signals is verified.

Table 3 shows the standard deviation sf,(%FS) of each aerodynamic component
according to their respective full scale (FS).

Table 3. Standard deviation sg, (%FS) of each aerodynamic component.

Aerodynamic Component F; s, (%FS)
L 1.272
D 1.158
My 0.723

3.3. Testing Model

To facilitate the performance of wind tunnel tests, the MAV model is manufactured
independently of each bioinspired horizontal stabilizer; therefore, the union of both is
made with an M3 screw, as seen in Figure 5.

Horizontal Stabilizers I

Figure 5. MAV and horizontal stabilizer union.

The base model and bioinspired horizontal stabilizers are manufactured using 3D
printing technology at INTA. The MAV model is a full-scale model (1:1), as its dimensions
fall within 10% of the cross-section of the wind tunnel. PLA (Polylactic Acid) is chosen as
the additive material due to its prevalence in such wind tunnel tests and its capability to
generate 3D components with exceptional precision and detail.

Since the MAV model and horizontal stabilizers present non-planar shapes, the fab-
rication process involves dividing each component into two halves along the symmetry
axis of the model. This division generates a flat surface, upon which additive material
is deposited layer by layer in a vertical direction, that is, from the symmetry axis of the
model to the tip of the wing. All material layers are aligned with the free stream of the
wind tunnel, thus reducing the surface roughness of the models and preventing premature
detachment of the flow stream during wind tunnel testing.

3.4. Experimental Tests

After printing both halves of each component, they are assembled using cyano-acrylate
glue. As part of the preparation process, a meticulous sanding of the entire surface is
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performed to minimize surface roughness. Additionally, a thin layer of paint is applied to
enhance the uniformity of the surfaces on the models. This finishing process ensures the
integrity of the MAV and enhances the accuracy of wind tunnel testing results. Figure 6
shows the bioinspired horizontal stabilizers manufactured by 3D printing for wind tunnel

\44 A/

7 “HFK-tail || HRF-tail | | HN-tail HW-tail | | HSF-tail

BEETE

Py

Figure 6. Bioinspired horizontal stabilizers for wind tunnel testing.

Figure 7 shows the assembly of the vehicle and the external balance in the wind tunnel
for the cruise condition (x = 0°). The vertical rod, connected to the model, was supported
by a streamlined support strut to minimize flow perturbations during the wind tunnel
testing. This streamlined support strut was composed of symmetry airfoils (NACA 0012)
and made of PLA using 3D printing.

Figure 7. MAV attached to the external balance inside the wind tunnel at INTA.

The length of the vertical rod was chosen to place the external balance outside the
test section of the wind tunnel while maintaining the MAV model in the center of it to be
aligned with the wind tunnel axis. Moreover, a wooden board was required to place the
streamlined support strut, thus avoiding any contact with the external balance.

The experimental tests consisted of obtaining the lift and aerodynamic drag forces
and the pitching moment around the vehicle with the five bioinspired horizontal stabi-
lizers. These tests were conducted with a free stream velocity of U, = 10 m/s, which
corresponds to a Reynolds number (Re) based on the maximum wing chord (¢, = 0.2 m)
of Re = ’)""l}{% = 1.37-10° (where pc is the air density and pe the air dynamic viscosity).
Measurements were taken in the range of angles of attack, spanning from a = —5° to
« = 30° with an interval of 5°.
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4. Analysis of the Results

In this section, a brief overview of the coefficients assessed through balance-force
measurements in the wind tunnel is presented.

The lift coefficient (C;) measures the capacity of the vehicle to generate enough lift
force for sustained flight; therefore, C; should have high values (Equation (1)).

The aerodynamic drag coefficient (Cp) quantifies the resistance faced by the vehicle
when moving through the air (Equation (2)). A low value of this coefficient indicates that
the vehicle is more energy-efficient, as it reduces the aerodynamic drag.

The pitching moment coefficient (Cy;) takes into account the stability of the vehicle;
that is, it indicates the tendency of the vehicle to pitch during flight (Equation (3)).

Knowledge of these three coefficients is essential for the effective design and control
of the bioinspired MAYV, ensuring its ability to fly safely and efficiently. As a result, this
paper focuses on the analysis of the following three coefficients obtained experimentally.

L

CL=1 e M
%PooUgoSref
D
Co=1—5 2
%pmuc%osref
M
ipoouoosrefc

where L is the lift force, D the aerodynamic drag, M the pitching moment, p, the air
density, S,.r the wing reference surface, ¢ the mean aerodynamic chord, and U the free
stream velocity.

Figure 8 shows the forces acting on the MAV vehicle with the MAV axes (X, Y}, Zp)
and balance axes (X, Y, Z).

Roll (+)

Figure 8. Forces acting on the MAV with the Horizontal Rounded-Fan stabilizer (HRF-tail).

4.1. Measurements with External Balance

Figure 9 shows the lift coefficient (C) obtained with the five bioinspired horizontal
stabilizers by force balance measurements in the wind tunnel, with zero tail incidence angle.
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3
—*~ HSF-tail
- HW-tail
25 -4~ HRF-tail
4 - HN-tail
—e— HFK-tail

30

a(®)

Figure 9. Lift coefficient (Cy) for the five bioinspired horizontal stabilizers measured by force balance
in the wind tunnel at INTA (6 = 0°).

It is clearly observed that the lift coefficient (C} ) increases with the angle of attack
until reaching a maximum value (Cp,,x) when & = 25°. This increase in lift coefficient is
practically linear up to low angles of attack (x < 20°). After the maximum lift coefficient
(CLmax), there is a sharp decrease in lift, which corresponds to the stall condition, that is,
the lift is reduced rapidly, therefore the vehicle is not able to fly.

At low angles of attack (« < 10°), the lift coefficient shows similar values between
all horizontal stabilizers. However, when the angle of attack is higher (¢ > 10°), a slight
difference between them can be appreciated. The maximum value of Cr,y = 2.834 is
obtained for the Horizontal-Wedge-Shaped stabilizer (HW-tail), being 1.90% higher than
the Square-Fan-Shaped stabilizer (HSF-tail), being 6.20% higher than the Forked-Shaped
stabilizer (HFK-tail), 9.19% higher than the Rounded-Fan-Shaped stabilizer (HRF-tail), and
9.48% higher than the Notched-Shaped stabilizer (HN-tail).

Figure 10 shows the aerodynamic drag coefficient (Cp) obtained with the five bioin-
spired horizontal stabilizers by force balance measurements in the wind tunnel.

0.6 —# HSF-tail
- HW-tail
* HRF-tail
0.5 - HN-t:i‘l
—o- HFK-tail
0.4
Cp 03
0.2
'S;"‘g;a].-,.. PR
0
-5 0 5 10 15 20 25 30

a(®)
Figure 10. Aerodynamic drag coefficient (Cp) for the five bioinspired horizontal stabilizers measured
by force balance in the wind tunnel at INTA (6 = 0°).
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In all bioinspired horizontal stabilizers, the values of the aerodynamic drag coefficient
(Cp) at all angles of attack are practically the same; only HFK and HN-tails show slight
differences at very high angles of attack, around a« = 30°.

The aerodynamic drag coefficient (Cp) increases with the angle of attack. At low
angles of attack, between —5° < a < 4-5°, the aerodynamic drag coefficient presents a
typical value of these vehicles, with values less than 0.1. The minimum drag coefficient
(CDimin) is obtained during the cruise phase between 0° < a0 < +5°.

Figure 11 shows the polar curve obtained for the five bioinspired horizontal stabilizers
by force balance measurements in the wind tunnel.

0.6 :
—=— HSF-tail
-o-- HW-tail
-4~ HRF-tail
0.5 4~ HN-tail
—e— HFK-tail
0.4
Cp 0.3
0.2
0.1
0
-0.5 0 0.5 1 1.5 2 2.5 3

Figure 11. Polar curve (Cp — C}) for the five bioinspired horizontal stabilizers measured by force
balance in the wind tunnel at INTA (§ = 0°).

Figure 12 shows the aerodynamic efficiency (Cy /Cp) obtained for the five bioinspired
horizontal stabilizers by force balance measurements in the wind tunnel.
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Figure 12. Aerodynamic efficiency (E) for the five bioinspired horizontal stabilizers measured by
force balance in the wind tunnel at INTA (6 = 0°).

The aerodynamic efficiency values vary slightly among the different horizontal stabi-
lizers across all angles of attack. However, all of them present a similar trend, that is, as
the angle of attack increases, the efficiency also increases until reaching a maximum value
(Emax) at the angle of attack of & = 10°. In this flight condition, preferable for take-off and
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landing flight phases, the highest value of E;;;y is achieved with the HSF-tail (E;;qx = 11.53)
followed in descending order by the configurations of HW, HN, HRF, and HFK.

For higher angles of attack (« > 10°), the aerodynamic efficiency decreases progres-
sively until reaching the stall condition, where a sharp loss of efficiency occurs.

The most interesting region is presented for the cruise flight (0° < a < +5°), where
again the highest value of aerodynamic efficiency is obtained with the Squared-Fan-Shaped
stabilizer (HSF-tail). As a consequence, this horizontal stabilizer becomes the best candidate
for implementation on the vehicle, as it has the potential to enhance the autonomy and
range of the vehicle.

Figure 13 shows the pitching moment coefficient (C;;) obtained for the five bioinspired
horizontal stabilizers by force balance measurements in the wind tunnel. These measure-
ments are taken at the reference point O, located at xp = 0.050 m from the nose of the MAV
(Figure 14). This is a fixed point joining the MAV and the external balance and is located
near the aerodynamic center of the vehicle (x,).

0.2

30

—=— HSF-tail

-0.6 --o-- HW-tail
- + - HRF-tail
-0.7 + - HN-tail
—e HFK-tail
-0.8

a(®)
Figure 13. Pitching moment coefficient (Cy;) for the five bioinspired horizontal stabilizers measured
by force balance in the wind tunnel at INTA (6 = 0°).

xo = 0.050m

| —
' Xoq =0.078 m

Figure 14. Position of the reference point O where the pitching moment is measured.

The aerodynamic center of the vehicle (x,.) can be easily calculated by applying the

following expression:
9Cumo
xdc _ XO Ju

cma  cma  (9CL
on

(4)

where (a%—;’zo) is the slope of the pitching moment coefficient obtained directly from

Figure 14 (a%—’;o = —0.0Z) and (aa%) is the slope of the lift coefficient obtained from

Figure 9 (aa% = 0.1). Therefore, the aerodynamic center of the vehicle is placed at

Xac = 0.078 from the nose of the vehicle (see Figure 13).
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The five bioinspired stabilizers show similar values of C;, during all angles of attack.
Notably, these configurations are longitudinal stables, as the curves intersect with the X-axis
with negative slopes (Cy;,) during the cruise flight phase. Consequently, the MAV can
maintain stable and level flight with relatively low angles of attack (0° < o < 5°) without
requiring a constant force on the horizontal stabilizer to maintain its attitude during flight.
In other words, the MAV naturally maintains equilibrium during the cruise flight, avoiding
a tendency to ascend or descend. This natural equilibrium, with C,;, = 0 during the cruise
flight, is crucial for both the efficiency and safety of the vehicle.

It can be seen that all bioinspired horizontal stabilizers present C;,, = 0 with an angle
of attack between 2° < a < 4°.

A summary of the relevant aerodynamic parameters with the values of the best
horizontal stabilizers is presented in Table 4.

Table 4. Aerodynamic parameters of the best horizontal stabilizers.

Aerodynamic Parameters Value Horizontal Stabilizer
CLimax 2.83 HN-tail
Cro 0.20 HW-tail
CDmin 0.06 HSF-tail
Enax 11.53 HSF-tail
Ep 3.33 HSF-tail

Table 5 presents the variations of these aerodynamic parameters between different
horizontal stabilizers, providing a clearer representation of how these parameters increase
or decrease. Based on this data, it can be concluded that the Squared-Fan-Shaped stabilizer
(HSEF-tail) is the selected implementation solution for the MAV.

Table 5. Aerodynamic parameter variation.

Variation HN-Tail HW-Tail HSF-Tail HRF-Tail HFK-Tail
ACLmax 1 9.48% - 4 1.90% 1 9.19% 1 6.20%
ACro J 8.42% - 1 2.18% 1 8.68% 4 16.16%
ACpmin 1 12.98% 112.01% - 1 3.28% 12.74%
AEnax 1 7.20% 1 6.06% - 17.67% 4 13.27%
AEy 4 17.13% 1 8.73% - 19.61% 4 16.57%

Table 6 summarizes the values of the aerodynamic efficiency (Eg) during cruise flight
(« = 0°) for the five bioinspired horizontal stabilizers.

Table 6. Aerodynamic efficiency in cruise flights.

Efficiency HW-Tail HN-Tail HSF-Tail HRF-Tail HFK-Tail
Eg 3.04 2.76 3.33 3.01 2.78

W
W
¥
"
r

4.2. Deflection-Horizontal Stabilizer

After selecting the horizontal stabilizer HSF-tail as the solution for implementation on
the MAV, a detailed study of stabilizer deflection is conducted to investigate the influence
of aerodynamic forces under various conditions. This experimental analysis is crucial for
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acquiring deep aerodynamic insights and ensuring the longitudinal stability and control of
the vehicle during flight.

The horizontal stabilizer is tested at different angles of incidence, from § = —10°, to
6 = +10°, with an interval of 5°. When the angle of incidence is negative, the stabilizer
exhibits an upward deflection, whereas when it deflects downward, the angle of incidence
is positive (see Figure 15). Within each angle of incidence, the entire range of angles of
attack is studied.

Za Uy —6
4 o I —— -
— ) +6

Figure 15. Sign criteria for the tail angle of incidence (J).

Figure 16 shows the lift coefficient (C; ) for the HSF-tail with all angles of incidence.
It is obvious that as the angle of incidence becomes negative (upward deflection), the lift
coefficient decreases in all ranges of angles of attack compared to the stabilizer with a zero
angle of incidence (orange curve). On the contrary, when the angle of incidence is positive
(downward deflection), the lift coefficient is higher than that of the zero angle of incidence.
The data clearly shows that the greater lift coefficient is obtained at an angle of incidence of
6 = +10°.

4.5 e
> 2:0100 ?
4 *- 5 =4+10°
—+— § = =5° PP
3.5 -+-6=05° a4 . h T
3 ye .
CL
L
U
—
-5
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Figure 16. Lift coefficient (C} ) of the Horizontal-Squared-Fan-Shaped stabilizer (HSF—tail) for various

angles of incidence measured by force balance measurements in the wind tunnel at INTA.

Similar to the impact on lift force, the variation of the horizontal stabilizer deflection
will also influence the aerodynamic drag characteristics. Figure 17 shows the aerodynamic
drag coefficient (Cp) for the HSF-tail at various angles of incidence.

The aerodynamic drag variation due to horizontal stabilizer deflection will depend on
the angle of attack, the orientation of the wing, and the flight conditions. In this context, it
is observed how negative angles of incidence (upward deflection) result in an increased
aerodynamic drag coefficient when compared to the zero angle of incidence (§ = 0°).
In contrast, positive angles of incidence yield reduced values of aerodynamic drag over
the entire range of angles of attack in comparison to the zero angle of incidence. The
lowest aerodynamic drag coefficient is achieved when employing an angle of incidence of
6 = +10°.
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Figure 17. Aerodynamic drag coefficient (Cp) of the Horizontal-Squared-Fan-Shaped stabilizer

(HSF—tail) for various angles of incidence obtained by force balance measurements in the wind
tunnel at INTA.

Figure 18 shows the pitching moment coefficient C,, curve for all angles of incidence
measured at the reference point O. As in the previous cases, adjusting the horizontal stabi-
lizer deflection leads to observable changes in the pitching moment coefficient. Deflection
of the stabilizer should shift the pitching moment curve by adjusting the trim angle of attack
(the angle of attack at which the pitching moment coefficient is zero) without substantially
changing the pitching moment slope.

0.4
* 0.2
Cm 72 .
-0.2 .
-0.4
§=0°
-0.6 - §=-10°
+- 8 =+10° 5
——§=-=5°
-+-5=5° .
-0.8

a(®)

Figure 18. Pitching moment coefficient (C;;) of the Horizontal-Squared-Fan-Shaped stabilizer
(HSF—tail) for various angles of incidence obtained by force balance measurements in the wind
tunnel at INTA.

In the case of zero angle of incidence (§ = 0°), the moment coefficient curve intercepts
the X-axis at approximately at « = 3°, providing a MAV longitudinal stable under this
condition. As the angle of incidence becomes negative, the curves shift upward with respect
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to the curve corresponding to the zero angle of incidence, increasing the pitching moment
coefficient. The opposite occurs when the angle of incidence becomes positive, the curves
shift downward, and the value of C,;, decreases.

4.3. Experimental Validation

A validation of the experimental data is required. The balance measurements are
compared with CFD data obtained in a previous study [24]. This comparative analysis is
conducted with the Horizontal-Squared-Fan-Shaped stabilizer (HSF-tail).

Figure 19 shows the lift coefficient curves (Cy ) for all angles of attack, except for those
near the stall condition (¢ ~ 25°). It is clearly observed that the values of lift coefficient
obtained by both methods are fairly similar up to « < 20°. The numerical values are
slightly higher than those obtained with the external balance in the wind tunnel. It could be
that the CFD numerical calculation is overestimating this coefficient due to the turbulence
model selected (k-w SST) or the lack of resolution in the 3D computational mesh. The
maximum relative difference of 23.77% is obtained at « = 5°, while the minimum relative
difference of 3.95% is obtained at o« = 15°. It can be verified that there is high accuracy in
the measurement of the lift coefficient when the angles of attack are less than & < 20°.

3

---- Wind tunnel data

--4-- CFD data
2.5

5 ) 5 10 15 20
a(®)

Figure 19. Lift coefficient curves obtained with external wind tunnel balance and CFD simulations of
the Horizontal-Squared-Fan-Shaped stabilizer (HSF—tail).

Figure 20 shows the aerodynamic drag coefficient curves (Cp) for low angles of attack
(—=5° < a < +5°), as this research is mainly focused on the cruise condition. In this range
of angles of attack, the relative difference of 5.20% is obtained when the angle of attack is

« = 0°, and the minimum relative difference is 1.20% when &« = —5°.
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Figure 20. Aerodynamic drag coefficient curves obtained with external wind tunnel balance and CFD
simulations of the Horizontal-Squared-Fan-Shaped stabilizer (HSF—tail).

5. Conclusions

Inspiration from nature to develop MAVs is a promising trend in the field of aviation.
This novel concept, known as bio-inspiration, tends to search for efficient and adaptive
solutions that evolution has perfected over millions of years. This work presents an
experimental analysis of horizontal stabilizers inspired by the most typical tails of birds
(rounded, fan, notched, forked, squared, and wedge-shaped tails) due to their relevance and
effectiveness in natural aviation. As a consequence, five designs of horizontal stabilizers
inspired by one or a combination of two bird tails are analyzed in this paper.

The primary aim is to integrate a horizontal stabilizer, beneficiating from bird tail
properties, to enhance longitudinal stability and aerodynamic efficiency during the cruise
phase of a Micro Air Vehicle (MAV) featuring a Zimmerman body-wing design, developed
between INTA (Instituto Nacional de Técnica Aeroespacial) and ETSIAE (Escuela Técnica
Superior de Ingenieria Aeronautica y del Espacio). Force measurements are conducted
utilizing a 3-component external balance installed in a wind tunnel at INTA. This balance,
composed of three load cells, allows for the measurement of the lift, aerodynamic drag, and
pitching moment across a range of angles of attack. Experimental data indicates that the
Horizontal-Squared-Fan-Shaped stabilizer (HSF-tail) attains the maximum aerodynamic
efficiency during cruise flight. Consequently, the HSF-tail is selected as the optimal solution
for integration into the MAV vehicle. Its implementation is expected to extend the opera-
tional range and autonomy of the MAV while ensuring high longitudinal stability during
cruise flights. Moreover, force measurements are conducted using the HSF-tail at different
angles of incidence to assess how horizontal stabilizer deflection impacts the aerodynamic
forces. The data indicate that negative stabilizer deflections result in elevated lift coefficient
(Cp) values, concurrently reducing the aerodynamic drag coefficient (Cp).

Finally, experimental data validation is conducted with CFD-RANS steady simulations
(obtained in a previous study). During the cruise flight, the relative difference obtained
for Cp is around 5%, while for C it is around 10%. It can be concluded that there is a high
degree of accuracy in the measurements of the aerodynamic coefficients obtained by the
external balance in the wind tunnel. It is important to clarify that there is a limitation in the
experimental results since this data is obtained for a specific geometry model (Zimmerman
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wing-body geometry) with predefined boundary conditions and assumptions. Conse-
quently, it would be highly desirable to test the HSF-tail configuration on similar-sized
vehicles with different wing configurations.

The paper conclusively establishes the feasibility of integrating a horizontal stabilizer
design, influenced by the geometrical advantages observed in avian tails (specifically,
a synergy of Rounded-Fan tails). This integration notably enhances the aerodynamic
efficiency and longitudinal stability of a Micro Air Vehicle with a Zimmerman wing-
body configuration.
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