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Abstract 

Birds actively modulate their wing and tail morphologies to achieve high aerodynamic 
efficiency and maneuverability, enabling long-duration gliding while retaining the ability 
to execute rapid maneuvers. Innovations in aircraft design and control are increasingly 
inspired by these avian flight characteristics through control surfaces that imitate the nat-
ural wing and tail movements of birds. This paper presents a non-flapping, unmanned 
aerial vehicle (UAV), called “SMART Hawk” (Shape-Morphing Artificial Red-Tailed 
Hawk), inspired by the flight and physical characteristics of Buteo jamaicensis, known as 
the Red-Tailed Hawk (RTH), which exhibits excellent soaring abilities and agility charac-
teristic of birds of prey. To determine the design parameters required for flight, a mathe-
matical model was developed in MachUpX, then validated and refined using Reynolds-
averaged computational fluid dynamics (CFD) models in ANSYS Fluent. SMART Hawk 
incorporates biomimetic wing and tail morphing, including coordinated forward sweep 
of the mid-wing and aft sweep of the outer wing, as well as active tail pitch, roll, and 
feather tucking and expansion. The drone was manufactured from a combination of com-
posite, wood, and 3D-printed components. Multiple flight tests were conducted with 
proof-of-concept prototypes to demonstrate the design’s effectiveness. 
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1. Introduction 
Birds have served as a source of inspiration for aircraft design for over a century [1]. 

They are capable of seamlessly morphing their wings and manipulating their tails to 
achieve precise and controlled flight. Hawks, in particular, can sustain efficient gliding 
flight while rapidly transitioning to aggressive maneuvers such as dives, making them 
among the most effective flyers in nature. Red-tailed hawks (RTHs) specifically possess 
long, broad wings that enable extended soaring followed by tight, agile maneuvers to 
capture prey [2]. Recent studies of RTH flight have examined their adaptability in turbu-
lent environments, showing that they pitch their wings and tails to mitigate the effects of 
gusts [3]. Birds achieve such seamless flight through specialized biological structures and 
mechanisms. Understanding the mechanisms by which they tuck their wings has been 
critical to the development of morphing drones, as these natural strategies directly inform 
engineered solutions [4]. 
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It is difficult to fully capture the agility, aerodynamic efficiency, dimensions, and ma-
terial properties of a bird in a manufactured drone. A wide section of biomimetic research 
focused on developing a single avian-inspired morphing component for a traditional air-
plane. Ajanic et al. [5] developed a bionic wing modeled after a jackdaw able to flap, pitch, 
and fold. Murayama et al. [6] presented a tail capable of tail pitch, tilt, and rudder motion. 
Zhang et al. [7] analyzed a shape-morphing avian-inspired wing. Various studies sought 
to develop a morphing unmanned aerial vehicle (UAV) inspired by different avian spe-
cies. Ajanic et al. [8] demonstrated the effects of asymmetric wing tucking, compared to 
outer wing pitching, as a means of reducing the turning radius of LisEagle, a feathered 
morphing drone inspired by eagle flight. Chang et al. [9] incorporated real pigeon feathers 
into the design of PigeonBot II and successfully demonstrated flight without a vertical 
stabilizer or rudder. Phan and Floreano [10] incorporated an entirely artificial, feathered-
wing design comprising three segmented wing components in their Raptor drone, ena-
bling wing and tail shape morphing, tail elevator deflection, roll, and lateral deflection. 
Other artificially feathered bioinspired drones, including MataGull [11] and CGull [12], 
both inspired by seagulls, also featured tail and wing morphing. 

One of the greatest challenges in designing drones with morphing and feathered 
wings and tails is the increased potential of fluttering when joints are introduced in the 
wing structure. Reinforcing the morphing structures can easily introduce weight penal-
ties. To address these challenges, this paper presents a UAV inspired by the flight charac-
teristics of the RTH. The drone, named SMART Hawk (Shape-Morphing Artificial Red-
Tailed Hawk), is designed to incorporate five degrees of freedom (DOFs): two in the wings 
to enable asymmetric wing tucking, and three in the tail to allow pitch, roll, and feather 
expansion. A feathered wing and tail configuration is implemented to more closely repli-
cate the morphology of a real bird. The wing and tail systems, including the morphing 
mechanisms and the feathers, were designed to be lightweight yet possess high specific 
stiffness to avoid flutter under aerodynamic loads. The rest of the paper is organized as 
follows: Section 2 details the preliminary computational model developed in various soft-
ware packages. Section 3 describes all components and subsystems of SMART Hawk. Sec-
tion 4 presents the manufacturing and testing steps that were completed. A summary and 
conclusion are given in Section 5. 

2. Computational Modeling 
The aerodynamic analysis and validation workflow for SMART Hawk was started 

using simple calculations in a developed MATLAB code (MATLAB version 2025b), fol-
lowed by a representative model in MachUpX, and was validated with high-fidelity sim-
ulations in ANSYS Fluent (version 2025 R2). The mathematical model provides prelimi-
nary analysis for the sizing of the drone’s lifting surfaces and evaluates the proposed 
wing-tucking concept intended to improve flight efficiency. A 3D scan of an RTH cadaver 
served as a baseline for the developed mathematical model. A representative wing cross-
section (airfoil) was extracted from the 3D scan for analysis and use in the model. A max-
imum reported RTH mass of 1.5 kg was used, along with a conservative low-end cruise 
flight speed of 10 m/s [13]. An aspect ratio (AR) of 5.6 was also assumed [3]. MachUpX 
(MUX) uses Prandtl lifting-line theory to output approximate values of the generated aer-
odynamic forces and moments from the drone’s specified planform. The MUX model is 
transferred to ANSYS Fluent to verify the outcomes and investigate the effects of the de-
sign parameters on the predicted aerodynamic performance of the entire feathered drone. 

2.1. Airfoil Analysis and Preliminary Planform Modeling 

The RTH airfoil cross-section, unique to this study, was smoothed in MATLAB from 
the rough profile extracted from the RTH cadaver 3D scan. The smoothed profile, shown 
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in Figure 1a, was analyzed in XFoil to create 2D aerodynamic polars under specific flow 
conditions. The fluid environment model within XFoil uses a Reynolds number (Re), cal-
culated based on the following parameters: Density (ρ): 1.246 kg/m3, dynamic viscosity 
(µ): 1.85 × 10−5 Pa·s, velocity (v): 10 m/s, and an initial chord length of 30 cm, leading to Re: 
202,054. The Rhodes St. Genese 32 (RSG32) airfoil (Figure 1b) was used for the inner wing 
section given its flat-bottom geometry, simplifying manufacturing while maintaining ad-
equate aerodynamic performance with respect to lift and stall angle. Figure 1c,d present 
lift coefficient and aerodynamic efficiency of the RTH airfoil versus angle of attack (AOA, 
α) for the considered Re, assuming an infinite-span section. The coefficient fits of the airfoil 
were used in MUX to iteratively size the SMART Hawk lifting planform. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 1. (a) RTH airfoil outline; (b) RSG32 airfoil outline; (c) RTH lift coefficient; (d) RTH flight 
efficiency. 

From the 𝑐௟ − 𝛼  curve obtained in Xfoil, the lift curve slope (𝑎଴ ) and the zero-lift 
AOA (𝛼௅ୀ଴) were obtained as 𝑎଴ = 0.1 and 𝛼௅ୀ଴ = −4°. An AOA, 𝛼, of 4.4° was selected 
as the design cruise AOA to maximize efficiency. The Oswald efficiency factor is assumed 
to be 1 for elliptical wings, e = 1. The lift coefficient for the finite wing, 𝐶௅, can be calculated 
as 𝐶௅ =  𝑎଴1 + 𝑎଴𝜋𝑒𝐴𝑅 (𝛼 − 𝛼௅ୀ଴) (1)

The wing planform area S can be calculated from the lift equation, assuming a level flight: 𝐿 =  12𝜌𝑣ଶ𝑆𝐶௅ (2)

The wingspan can then be obtained using the AR definition, 𝐴𝑅 = 𝑏ଶ/𝑆. Finally, the 
root chord length can be obtained using the elliptical wing area formula, 𝑆 = 𝜋𝑏𝑐௥/4 . 
Here, the preliminary wingspan and chord length were found to be b = 1.21 m and 𝑐௥ = 
0.297 m. 

Using the analytically estimated span and chord, a planform was created and itera-
tively refined in MUX. The wings were swept forward 5° and a twist of 5° was imple-
mented to the outer wings to delay stall onset. The resulting configuration is shown in 
Figure 2a, which includes the tail model to quantify loads under control-surface deflec-
tion. Figure 2b,c show the lift coefficient and the flight efficiency of the airframe as a func-
tion of AOA. It was found that the AOA that maximizes aerodynamic efficiency is 2–3°. 
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(a) (b) (c) 

Figure 2. (a) MUX airframe, (b) lift coefficient, and (c) flight efficiency of the MUX model. 

2.2. Design Concept Evaluation 

Following preliminary modeling in MUX, the configuration was transferred to AN-
SYS Fluent. This enabled validation of the MUX predictions and evaluation of the higher-
fidelity configuration, including feathered wings, wing-tucking, and tail morphing, to as-
sess their aerodynamic interaction. Turbulence closure was provided by the k-⍵ family 
using the SST framework for high-quality near-wall resolution and reduced free-stream 
sensitivity [14]. 

The half-wing model met the target lift of 7.35 N and produced approximately 0.1 N 
of overall drag. A model of the full drone, including the wings, tail, and fuselage, was then 
created. A nose cone was added to the fuselage to reduce drag, changing the fuselage 
cross-section from a blunt nose to a streamlined, airfoil-like 2D cross-section. This in-
creased the total lift by 1.8 N. The wing planform was transitioned from the idealized 
planform represented in MUX to the final design model with feathers proposed in this 
study. Mesh refinement yielded an orthogonality minimum of 0.150 and a skewness max-
imum of 0.850 for the model and its environment. The full configuration (Figure 3a) is 
simulated using the framework above, yielding 14.7 N of lift and 1.2 N of total drag at 10 
m/s and an AOA of 5°. A representative pressure contour is shown in Figure 3b, whereas 
top and bottom views are shown in Figure 3c and d, respectively. The simulations showed 
the effects of the orientation angles of all feathers, and the shape of the leading edge covers 
on the generated lift and drag. The simulations helped make design adjustments that re-
sulted in feather orientations more closely aligned with the RTH profile, thereby enhanc-
ing aerodynamic performance. 

 
(a)  

(b) 

 
(c) 

 
(d) 

Figure 3. ANSYS model: CAD model (a), and isometric view (b), top view (c), and bottom view (d), 
of the pressure contours. 
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3. Model Description 
3.1. Overall Design 

The complete SMART Hawk model is shown in Figure 4. It is divided into three pri-
mary subassemblies (fuselage, wings, and tail) and incorporates five degrees of freedom: 
asymmetric wing tucking, tail feather expansion, rolling, and pitching. Mounted on top 
of the fuselage, the wings can induce roll through an asymmetric change in both the wing 
planform area and sweep. Mimicking the RTH, the wing mechanism features a replicated 
avian bone structure and feathers. The fuselage possesses an airfoil cutout where the 
wings sit to guide airflow onto the top of the wings. The fuselage houses all avionic com-
ponents in addition to the wings’ tucking servomotors. The tail, actuated using servomo-
tors located inside the fuselage through pullrods and guitar wires, can induce roll and 
pitching moments. The drone follows the dimensions set by the MUX model. 

 

 

Figure 4. Full CAD model of SMART Hawk [the bird figure is photographed by Dan Hutcheson]. 

3.2. Wing Design 

The wing assembly consists of the inner wing structure, wing covers, actuation mech-
anism, and feathers, as shown in Figure 5a. A 5° dihedral is incorporated into the wings 
to provide higher roll stability, and a 5° twist is applied to the outer 15% of the wings to 
increase the stall angle. The wings are composed of a tucking mechanism, making up 76% 
of the total wingspan, and a fixed inner wing, which is attached to the top of the fuselage. 
The mechanism, which integrates carbon fiber feathers and covers, enables asymmetric 
wing tucking with an area reduction of 22.5%. 

 
(a) 

 
(b) 

Figure 5. (a) SMART Hawk’s wing design in extended wing configuration and (b) tucked configu-
ration. 
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Inspired by avian skeletal anatomy [15], the mechanism incorporates elements anal-
ogous to the humerus, radius, ulna, and metacarpus, along with a link arm. Components 
are 3D-printed in PLA-CF with a 15–30% gyroid infill and two to four perimeter walls to 
balance the weight-to-strength ratio. The RTH airfoil profile was applied to the morphing 
wing section, with the covers replicating the RTH geometry and the mean camber profile 
incorporated into the curved feather elements. Carbon fiber covers form the leading 30% 
of the chord and are attached to the metacarpus and radius using PLA pins, while stiff 
fabric bonded along the underside bridges the gap to the feathers to mitigate vortex-in-
duced flutter that was reflected in the computational model results. Additional PLA airfoil 
supports connect the covers to the metacarpus and radius to provide additional structure. 
The feathers are attached via PLA pins to the ulna and metacarpus, with thirteen feathers 
per wing, eight on the ulna and five on the metacarpus, for a total of 26 feathers. Three 
distinct feather geometries were used, traced from RTH feathers [16,17] to replicate the 
shapes of primary and secondary feathers. Of the thirteen feathers on each wing, nine are 
rigidly fixed, while four are free to rotate in yaw to enable smooth tucking among the 
feathers that span the gap across the metacarpus and ulna while reducing the risk of flut-
ter. Orthodontic rubber bands link the free-rotating feathers, acting as elastic springs to 
return them to position when the wing is actuated back into an extended position. Figure 
5b shows the fully tucked wing configuration. 

The inner wing assembly, shown in Figure 6, is built from balsa and basswood ribs, 
stringers, and a trailing-edge plank, along with an 8 mm carbon fiber rod serving as the 
main spar, a PLA-CF humerus, and a secondary, smaller 6 mm carbon fiber spar. The fixed 
humerus houses an MKS HV6150H servomotor, which actuates the wing tucking and ex-
pansion motion through a link connected to the ulna. The airfoil profile of the inner wing 
is the RSG32. A 5° dihedral is applied along the inner wingspan, excluding the central 
three-rib section that rests on the fuselage. The primary 8 mm carbon fiber spar connects 
to the wing–fuselage bracket, which anchors the wing to the fuselage, while a shorter 6 
mm carbon fiber rod near the inner wing’s trailing edge provides additional structural 
support and serves as a secondary attachment point to the fuselage. 

 

Figure 6. SMART Hawk’s inner wing. 

3.3. Fuselage Design 

The fuselage functions as the body of the drone that accommodates the avionics, tail 
assembly, and wing assembly, as shown in Figure 7. The fuselage consists of a body with 
an RSG32 airfoil cutout on its top to integrate the inner wing assembly and facilitate a 
smooth aerodynamic transition to the upper surface of the inner wing. A tapered rear 
section is incorporated at the end of the fuselage to reduce weight, with the upper surface 
sloping downwards to promote smoother airflow from the inner wing’s trailing edge to 
the tail. The fuselage has a long, flat underside near the front to house larger, more 
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sensitive avionic components and facilitate center of gravity (CG) adjustments. The motor 
mount, wing-to-fuselage mounts, and tail roll brackets are housed within the fuselage to 
mount the main components of the drone. The motor mount is located inside the front of 
the fuselage and maintains one degree of right thrust and two degrees of downthrust for 
the motor. The wing-to-fuselage mounts are secured to the inner wing using carbon fiber 
spars in the wing assembly and wooden dowels that pass through the fuselage body. Fu-
selage clamp brackets provide additional reinforcement for the dowel connections, and 
tail roll brackets support and stabilize the tail rolling rod. The pitch and tuck servo bracket 
attaches to the tail rolling rod and houses the servomotors that control the pitch and 
feather expansion/tucking of the tail. 

 

Figure 7. SMART Hawk’s fuselage. 

3.4. Tail Design 

The tail assembly is composed of a tail feather bracket, feather pins (or connectors), 
a pitching hinge, feathers, and a vertical stabilizer, as shown in Figure 8. The tail is capable 
of three degrees of freedom: pitching, rolling, and feather expansion. The tail bracket sup-
ports nine tail feathers: two outer, two middle, four inner, and one centrally fixed feather, 
with size decreasing from the central feather (largest) outward to the outer feathers (small-
est), as shown in Figure 8b. Eight of the feathers are free to rotate, while the central feather 
is rigidly attached to the tail bracket. The tail spreads between 80° and 120°, resulting in a 
45% area change between the tucked and extended positions. Each of the feathers is made 
of 2 mm thick balsa wood and 2 mm diameter carbon fiber rods with composite wet lay-
up used for additional support. The tail bracket, feather connectors, and pitching hinge 
are made of PLA with a gyroid infill of 15%. A guitar wire, connected to the outer tail 
feather pins, is fed through polytetrafluoroethylene (PTFE) tubing on either side of the 
pitching hinge. After passing through the hinge, the wire ends meet at the center line of 
the fuselage and are mechanically crimped together to create a single actuation point. This 
arrangement ensures that when the DS-843MG servo applies tension, the load is distrib-
uted symmetrically to both outer feathers, allowing them to spread evenly about the tail 
centerline. Orthodontic rubber bands interconnect the feathers and function passively to 
return them to their neutral tucked position once the mechanism is disengaged. The 
tucked tail configuration is shown in Figure 8c. 

Tail pitching is achieved using a servo-driven four-bar linkage. In this system, the tail 
feather bracket functions as the rocker and is connected to a 1.5 mm steel control rod that 
acts as the coupler. The rod extends forward to an MKS HV6150H servo arm, which serves 
as the crank and is mounted inside the fuselage, as shown in Figure 8a. To increase actu-
ation authority, the tail feather bracket features a raised pivot point driven by the steel 
control rod. Tail roll is controlled by a DS-843MG servo located within the fuselage and 
connected to a 6 mm carbon fiber torque rod bonded to the pitching hinge. This configu-
ration allows the servo’s rotational motion to be transmitted directly to the tail feather 
bracket, producing controlled rolling movement. 
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(a) (b) (c) 

Figure 8. (a) SMART Hawk’s tail design; (b) extended tail configuration; (c) tucked tail configura-
tion. 

3.5. Avionics and Propulsion System 

The SMART Hawk’s avionics system, shown in Figure 9a, is composed of the MATE-
KSYS F405 Wing V2 flight controller, the Corona DS-843MG and MKS HV6150 servomo-
tors, the MATEKSYS GPS and Compass, the FRSKY X8R receiver, and the ESP32 micro-
controller. The flight controller acts as the central processing unit, integrating its built-in 
gyroscope, accelerometer, barometer, and peripherals to collect flight data. For ground 
monitoring and mission management, the system runs ArduPilot firmware and uses Mis-
sion Planner (Version 1.3.83) as the ground control software. Telemetry communication 
between the aircraft and ground station is established via Wi-Fi, enabled by the ESP32 
microcontroller. To fly the model manually and with fly-by-wire, the Taranis QX7 trans-
mitter communicates with the receiver using the control configuration shown in Figure 
9b. The transmitter controls are adjusted for the unique biomimetic morphing control sur-
faces. Aileron control is replaced by wing tucking, and rudder control is replaced by tail 
tilting. 

 

(a) (b) 

Figure 9. (a) SMART Hawk’s avionics diagram; (b) Transmitter controls’ configuration. 

Because SMART Hawk uses a non-flapping design, propulsion is provided by an E-
flite Power 25 brushless outrunner motor (1250 kV), rated for aircraft weighing 1.4–2.5 kg. 
The motor drives an APC 11 × 5.5 propeller and is controlled by a FlyDragon 60A elec-
tronic speed controller (ESC) with an integrated 5A battery eliminator circuit (BEC). 
Power is supplied by a 3S (11.1 V), 3.0 Ah high-performance lithium–polymer battery. A 
2-degree downthrust and a 1-degree right-thrust are engineered into the motor mount to 
counteract the pitch-up moment from the lowered CG and the adverse yaw moment 
caused by the vertical stabilizer. 
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4. Manufacturing and Testing 
The process of manufacturing the wing feathers began with a high-density foam 

mold designed in SOLIDWORKS, then exported to Autodesk Fusion for toolpath genera-
tion, and machined on a CNC router, after which the mold was sanded and coated with 
Duratec to achieve a smooth surface finish. Once the primary mold was fully prepared, a 
wet layup process was followed to apply seven plies of fiberglass and high-temperature 
epoxy to produce a secondary mold capable of withstanding elevated temperatures dur-
ing subsequent prepreg fabrication. Prepreg carbon fiber was selected over traditional wet 
layup carbon fiber due to its controlled resin content and optimal fiber-to-resin ratio. The 
feather geometry was cut from carbon fiber prepreg using 3D-printed stencils laid onto 
the fiberglass mold to form the cambered feathers, as shown in Figure 10a,b. Aluminum 
rods acted as the shaft of each feather and were selected for their favorable stiffness-to-
weight ratio and ease of bending. Each feather consisted of two plies of carbon fiber with 
a reinforcement strip laid on top of the sandwiched rod. 

  

(a) (b) 

Figure 10. (a) Fiberglass mold with feathers; (b) S9-, P3-, and P1-cured prepreg CF wing feathers 
with their 3D-printed stencils. 

The wing cover molds were manufactured following a similar process. The wing 
cover molds were 3D-printed due to time efficiency and their complex geometry, then 
sanded and coated with Duratec (Figure 11a). The same wet layup process was used for 
manufacturing, with five plies of fiberglass to create a secondary mold (Figure 11b). The 
wing covers were made with three plies of plain weave carbon fiber prepreg placed inside 
the fiberglass mold to achieve the desired shape (Figure 11c). Aircraft fabric was used to 
bridge gaps and create a continuous aerodynamic surface between the wing covers and 
inner wing, with additional fabric applied along the underside of the trailing edge and 
reinforced by chordwise carbon fiber rods to provide structural support and reduce vortex 
formation identified in prior modeling. 

 
(a) 

 
(b) 

 
(c) 

Figure 11. (a) Wing cover molds; (b) fiberglass wing cover molds; (c) CF wing covers. 
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The inner wing structure was built from balsa and basswood ribs and stringers, as-
sembled around the humerus, which was positioned first. The stringer components were 
soaked in warm water and dried at a preset angle to achieve a 5° dihedral. The framework 
was then covered with UltraCote to form the airfoil shape. 

The fuselage was constructed from foamboard due to its low weight and rapid man-
ufacturability, allowing the fuselage airfoil profile to be cut and shaped efficiently using 
CAD-generated templates. The airfoil cross-section for the wing insertion was cut using 
precision blades to achieve the desired airfoil contour. To reinforce the fuselage structure 
and provide adequate load transfer between the fuselage and wing assembly, wooden 
dowel attachments were inserted perpendicular to the internal walls. 3D-printed brackets 
were glued to the fuselage walls, acting as C-clamps, allowing for quick wing removal 
and accurate mounting. 

The tail feathers were laser cut from 2 mm balsa wood to ensure dimensional accu-
racy and repeatability, with balsa selected for its low density and adequate stiffness for 
aerodynamic loading. A single-ply carbon fiber patch was bonded to the balsa using 
epoxy resin through a wet layup process to attach a 2 mm carbon fiber rod to each feather, 
as shown in Figure 12a. Epoxy resin was selected for this interface due to its superior 
bonding strength compared to cyanoacrylate adhesives and for the added stiffness that 
resulted from the absorption of resin in the balsa feather. The fixed horizontal feather had 
two carbon fiber rods bonded at each end to provide additional structural support to the 
balsa wood. A precision slit was cut into the horizontal fixed feather to allow a vertical 
stabilizer to sit on two PLA brackets. This vertical stabilizer is added for stability during 
preliminary flight tests. To further increase stiffness, two carbon fiber rods were bonded 
to the vertical stabilizer (one from each side) along with the two PLA support brackets, as 
shown in Figure 12b. 

 
(a) 

 
(b) 

Figure 12. (a) CF wet layup on tail feathers; (b) side view of tail assembly. 

Actuation tests on wing and tail morphing were conducted, as seen in Figure 13. All 
servomotors successfully actuated the wing and tail mechanisms from expanded to fully 
tucked positions. The tests were also performed when the models were placed in an air-
flow generated by a wind generator with a wing speed close to the maximum drone’s air 
speed. This qualitative low-speed airflow exposure test was conducted to observe feather 
and wing vibration behavior under forced airflow conditions. Actuations were consistent 
in all tests conducted which exceeded 50 times for each morphing action. The preliminary 
bench-top airflow excitation test did not show any visually observable large-amplitude 
oscillations in the feathers, the outer wing structure, or the tail structure, throughout the 
one-minute duration of the test. A top view of SMART Hawk prototype assembly can be 
seen in Figure 14. The weight of the initial SMART Hawk prototype is 1.67 kg. Weights of 
individual components are as follows: fuselage: 65 g, tail structure: 130 g, single wing with 
servos: 870 g, single wing primary and secondary feathers: 6 and 8 g, respectively, and a 
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single tail feather: 4.2–7.2 g. The CG is positioned at 23% of the inner wing chord measured 
from the leading edge, a location identified through multiple morphing-tail flight tests as 
optimal for providing sufficient tail pitch authority. 

(a) 

 

(b) 

 

Figure 13. (a) Wing tucking actuation; (b) tail feather spreading actuation. 

 

Figure 14. SMART Hawk assembly top view. 

Given SMART Hawk’s unique control surfaces, an iterative approach was used to 
characterize the control signals and achieve flight stability. As shown in Figure 15a, a basic 
aircraft model with traditional tail and wings, having the same tail and wing surface area, 
was mounted on the SMART Hawk fuselage. After achieving proficient control with this 
conventional model, the SMART Hawk tail replaced the traditional tail (Figure 15b), fol-
lowed by the SMART Hawk wings with a traditional tail (Figure 15c), culminating in the 
final iteration with both morphing wings and tail (Figure 15d). 

The intended flight plan consists of a one-minute flight sequence in which the 
SMART Hawk takes off through hand launch, ascends, and achieves stable flight before 
executing asymmetric left wing tucking for a full 360-degree turn, followed by asymmetric 
right wing tucking for another 360-degree turn. The drone then performs symmetric wing 
tucking to initiate a dive, levels out, and completes a controlled landing. All flight tests 
were conducted at the Apollo XI model aircraft field, Lake Balboa, CA. Weather condi-
tions during all flight tests were as follows: temperature high ~76 °F, low ~56 °F; wind 
speed 4–10 mph, with occasional mild gusts up to 12 mph; precipitation 0.0 inch; and hu-
midity 45–50%. 
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Figure 15. (a) Traditional wing & tail, (b) traditional wing & SMART Hawk tail, (c) SMART Hawk 
wings & traditional tail, and (d) SMART Hawk. 

The traditional drone of the same approximate size and avionic system was initially 
tested (Figure 16a). A more complex flight plan was executed with this drone with the 
help of a licensed and experienced RC plane pilot. The morphing tail was then added to 
the drone, replacing the traditional tail. Flight testing of this drone (Figure 16b) demon-
strated the ability to steer the drone using only tail morphing, creating banking angles 
and turns without ailerons, and landing safely during multiple flight tests, each exceeding 
two minutes of flight time. Each of the initial two flight tests of SMART Hawk, shown in 
Figure 16c, achieved a total flight time of 10 s. During the first flight test, the pilot reported 
difficulty maintaining roll stability due to minor asymmetry in the wings that caused the 
aircraft to tilt during takeoff. In the second flight test, SMART Hawk successfully flew 
along a straight path. However, the pilot was unable to carry out a banked turn which led 
to the aircraft rapidly losing altitude. This result suggests that additional pilot training 
and familiarization is needed to control SMART Hawk’s unconventional control surfaces. 
Video S1 in the Supplementary Materials shows some of the performed flights tests. 

 
(a) 

 
(b) 

 
(c) 

Figure 16. Flight tests: (a) Traditional model, (b) SMART Hawk tail, and (c) SMART Hawk. 

5. Summary and Conclusions 
This paper presents the design of SMART Hawk, a non-flapping UAV inspired by 

the flight characteristics of the red-tailed hawk. A series of mathematical models were 
created in MUX, along with CFD simulations in ANSYS Fluent, to size the drone and ex-
amine the effects of the wing feathers on the generated lift and drag. An avian-inspired 
wing mechanism was designed with two DOFs, enabling asymmetric tucking for roll gen-
eration, and three DOFs in the tail consisting of roll, pitch, and feather expansion. Proto-
types of all subsystems were manufactured and assembled. Flight testing showed that the 
morphing tail has sufficient authority to steer the model without ailerons and that SMART 
Hawk’s feathered wing and tail can achieve sustained flight with the selected propulsion 
and actuation systems. Future work will include more flight tests and analysis of flight 
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data to characterize the flight performance. In addition, a virtual model of SMART Hawk 
will be integrated into a flight simulator to aid in pilot training before actual flight tests.  

Supplementary Materials: The following supporting information can be downloaded at: 
https://www.mdpi.com/article/doi/s1, Video S1: SMART Hawk design and flight tests. 
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