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Abstract: Birds have unique flight characteristics unrivaled by even the most advanced drones due in
part to their lightweight morphable wings and tail. Advancements in 3D-printing, servomotors, and
composite materials are enabling more innovative airplane designs inspired by avian flight that could
lead to optimized flight characteristics compared to traditional designs. Morphing technology aims to
improve the aerodynamic and power efficiencies of aircraft by eliminating traditional control surfaces
and implementing wings with significant shape-changing ability. This work proposes designs of
3D-printed, bio-inspired, non-flapping, morphing wing and tail mechanisms for unmanned aerial
vehicles. The proposed wing design features a corrugated flexible 3D-printed structure to facilitate
sweep morphing with expansion and contraction of the attached artificial feathers. The proposed
tail feather expansion mechanism features a 3D-printed flexible structure with circumferential cor-
rugation. The various available 3D-printing materials and the capability to print geometrically
complex components have enabled the realization of the proposed morphing deformations without
demanding relatively large actuation forces. Proof-of-concept models were manufactured and tested
to demonstrate the effectiveness of the selected materials and actuators in achieving the desired
morphing deformations that resemble those of seagulls.

Keywords: 3D-printing; unmanned aerial vehicles; morphing aerospace structures

1. Introduction

Commercial aircraft are fixed-winged powered vehicles with discrete control surfaces,
such as ailerons, rudders, elevators, and flaps, to control the flight path by altering the
generated aerodynamic forces and moments. In contrast, birds have flexible wings that
can flap to generate the needed lift and propulsion. Indeed, certain birds can fly for hours
without a single flap. This is achieved by the highly efficient aerodynamic performance
of birds’ wings during gliding and soaring [1]. Birds can dynamically change their wing
and tail postures to maximize adaptability and achieve diverse flight behaviors (e.g.,
maneuvering, gliding, and soaring flight) and flight environments (e.g., dense jungle,
urban, and mountain environments) [2]. The deformation of birds’ wing posture under
aerodynamic loading is a complicated kinematic coupling process, primarily comprising
two critical aspects: large-scale geometric wing deformations (e.g., changes in wing area,
wingspan, chord length, sweep angle, or wing twist) and small-scale local deformations of
each flexible feather (e.g., bending, twisting, and fluttering).

Design concepts of bio-inspired wing configurations can be roughly classified into
three major categories: (A) bio-inspired non-deformable wing configurations only consid-
ering biological structural elements of birds’ wings, such as slotted wing-tips, feather flaps,
and non-smooth wing surface features; (B) bio-inspired deformable wing configurations
only considering basic morphing motion features, such as variable-camber, variable-sweep,
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twisting, folding, and inflatable deformations; (C) complex bio-inspired wing configura-
tions considering biological structural elements and morphing motion modes [1]. Category
B is the most common in literature. Multiple review papers have presented the vari-
ous designs of morphing unmanned aerial vehicles (UAVs) from myriad aspects [3–6].
The superiority of morphing wings over traditional wings has been demonstrated in nu-
merous studies, including the work by Joshi et al. [7]. Recent examples of morphing
UAVs include the Transformer Aircraft with span-morphing wings [8], MataMorph-2 with
twist-morphing wings [9], and MataMorph-3 with camber-morphing wings and tail sta-
bilizers [10]. Recently, researchers have developed new bio-inspired wing configurations
that incorporate the biological structural elements and morphing motion of birds’ wings
(Category C) [11].

Although UAVs with flapping and non-flapping wing designs have been realized,
non-flapping designs are more mature, scalable, arguably more practical, and capable of
higher speeds [12]. Flapping designs (ornithopters) have poorer thrust-to-weight ratios
and additional dynamic degrees of freedom to allow for flapping, which can lead to more
mechanical issues. Examples of non-flapping bio-inspired UAVs include (1) “RoboSwift”
(https://www.roboswift.nl/, accessed on 22 October 2023), which has a deformable wing
structure inspired by discrete feather elements of swift birds that can be dynamically folded
into different swept-wing shapes, (2) “LisHawk” [13], inspired by the Northern Goshawk,
with sweep-morphing feathered wings and tail, (3) “LisEagle” [14] with wing folding and
pitching, and (4) “PigeonBot,” inspired by the pigeon [15], with sweep-morphing wings
and biological feathers.

While fixed airplane wings have been considerably optimized in the last several
decades, the design of each type of morphing wing has challenges. Moreover, no current
standards exist for designing such new, innovative, and inspired concepts [16]. The primary
challenges facing bio-inspired morphing wing design are system complexity, weight, stabil-
ity, maintainability, scalability, and controllability. The motion of a bird’s wing is highly
complex, bending and rotating in six degrees of freedom to facilitate flight. However,
achieving this mobility in a drone requires numerous components (servomotors, rods,
hinges, etc.). The more components added to make the drone more biologically accurate,
the heavier and more complex the drone becomes. Meanwhile, birds are remarkably
lightweight with hollow bones and feathers, allowing optimal weight efficiency. Realiz-
ing this in a drone has proven difficult due to the near-impossible task of finding such
lightweight materials. In addition, lighter materials are generally weaker, making them
less likely to hold the drone in the air [17].

Birds have novel aerodynamic traits compared to traditional aircraft beyond morpho-
logical control, including complementary wing and tail lift. In traditional aircraft design,
the wings and tail can generate lift in opposing directions to produce competing pitch
moments around the center of mass. While more dynamically stable than a bio-inspired tail,
this induces additional drag, as does the use of a vertical control surface. By comparison,
birds cradle their center of mass between the upward lift of their wings and tail [18]. They
use their tails to achieve yaw control by pivoting the flat surface, splitting lift into pitch
and yaw components. Pitch can be adjusted through planar sweep morphing and varying
the angle of attack. Although this design is more efficient, it requires more active control
and benefits greatly from morphing. Bio-inspired tail designs have been pursued in small
ornithopters, however; hobbyists often use this design out of the need to maximize lift. A
four-degree-of-freedom bio-inspired tail on a fixed-wing drone was evaluated in a wind
tunnel by Murayama et al. [19] to demonstrate its pitch, roll, and yaw characteristics under
various conditions.

Seagulls and albatrosses, two very similar families of bird species, are some of the
most adept dynamic soaring and gliding birds in the world. Their non-flapping flight
performance highly compensates for their poor flapping. Due to the high aspect ratio
of their wings, rapid and efficient level flight is enabled, further aided by their lean,
streamlined bodies. Their wing structures have evolved to be light and rigid, two critical
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factors influencing flight performance and physical limits. The cross-section profile of a
seagull’s wing closely resembles an S1223 airfoil [20], optimized for high lift and low drag.
Indeed, seagulls have been at the center of tremendous aerodynamic research in recent
years, hoping to fully grasp the potential of their biologically-engineered and evolutionary
design [21–24]. Another interesting feature in avian flight is using a self-actuated covert
flap to mitigate stall conditions over the wing [25]. The covert feathers on birds’ wings can
lift in response to flow separation during stall conditions, allowing birds to maintain higher
angles of attack without losing control. This also results in higher lift efficiency.

With the morphing benefits and challenges considered, this paper presents sweep-
morphing feathered wing and tail designs for a bio-inspired drone that benefits from the
advances in 3D-printing technology and materials. Lightweight and flexible materials have
been combined to construct the various components of the wing and tail designs, including
plasticized copolyamide thermoplastic elastomer (PCTPE), thermoplastic polyurethane
(TPU), Acrylonitrile Butadiene Styrene (ABS), balsa wood, carbon fiber and glass fiber
composites. The wing design features a corrugated flexible PCTPE structure similar to
the FishBAC design previously used in the flexible ribs of camber-morphing wings [26].
This design can also be supplemented with a dihedral angle morphing capability for
fine-tuning flight characteristics. The proposed tail feather-spread mechanism features
a 3D-printed TPU flexible structure with circumferential corrugations. This tail design
can also be supplemented with a pitch and tilt mechanism. This article presents the
nonlinear computational analyses of the designs and the manufacturing and testing of the
proof-of-concept models.

The remainder of the article is organized as follows: Section 2 (Materials and Methods)
presents the details of the proposed wing and tail designs. This is followed by Section 3
(Results), which focuses on simulations, manufacturing, and testing. Section 4 (Discussion
and Conclusions) includes a final discussion and concludes the paper.

2. Materials and Methods
2.1. Wing Design

Figure 1 shows the details of the proposed wing structure. The primary structure
supporting the lift generated and the weight of the wings is an artificial bone structure
comprising two 3D-printed ABS-carbonite links that extend from the center of the body.
The span or length of this inner wing bone structure is comparable to the inner wing
length of a seagull, extending to the elbow at a 15◦ angle, similar to the common gliding
configuration of the seagull [24]. The inner wing is covered by an EPP foam skin with
the S1223 airfoil profile, which resembles the seagull’s airfoil profile, as was highlighted
previously [20]. Its chord and span are 24 cm and 25 cm, respectively, smoothly merging at
the fuselage surface.
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Sandwiched between the end of the two inner wing bone links, a pivoting elbow
hinge is actuated by a servomotor mounted to the fuselage and uses a carbon fiber rod as a
pushrod to allow the wing to perform dihedral angle changing motion of the outer wing
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(Figure 2). Since this dihedral angle morphing mechanism is uncoupled from the outer
wing’s feather expansion mechanism, a rigid connection can replace the elbow hinge to
increase structural rigidity. Connected to the rotating elbow hinge is a small adapter mated
by four short carbon fiber rod connectors, aligning and holding the adapter to the outer
wing skeleton (Figure 3).
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The outer wing skeleton—the section of the wing where the feathers are attached—is
a flexible corrugated structure that resembles the FishBAC design [26] (Figure 2). Vertical
and horizontal webs are introduced to add structural support and prevent internal buck-
ling. This corrugated structure allows for tensile expansion of the front and compressive
contraction of the back, enabling life-like flexibility in the wing. With carbon fiber feather
rods attached through small holes in the front, center, and back walls of the outer wing
corrugated flexible skeleton, as shown in Figure 3, the feathers can sweep along the wing’s
plane when the wing tip is pulled in tension by a servomotor-driven rod. The outer wing
skeleton is made of 3D-printed PCTPE. This flexible nylon-based material possesses optimal
elastic properties and high ultimate tensile strength. This provides the needed flexibility to
flex to the desired shape and spring back to its originally printed position, mimicking the
seagull’s wing mobility.

The outer wing span with feathers expanded is 50 cm, and with the feathers tucked
is 24 cm. The shapes and dimensions of the feathers are based on the Mew Gull feathers,
obtained from the U.S. Fish and Wildlife Service’s online database (https://www.fws.gov/
lab/featheratlas/, accessed on 22 October 2023), specifically the P10, P9, and P6–2 feathers
of the wing, and the R6–3 and R1 feathers of the tail. P1 is the innermost feather of the
primary feather group (on the outer wing); the number increases as the feathers are stacked
toward the wing tip. Similarly for the tail, R1 is the tail centermost feather of the rectrices;
the number increases moving away from the center. Two options for the artificial feather
vane material can be considered: interwoven fiberglass composite ply or reinforced Balsa
wood. The composite option is slightly heavier but significantly stiffer and stronger than
the Balsa wood option. Feather shafts are 1.5 mm diameter carbon fiber rods.
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The self-actuated covert layer (Figures 1 and 4) is simple and lightweight, comprising
PCTPE rachides bonded to a ripstop polyester strip attached to the outside of the EPP foam
inner wing cover. This design was optimized for weight, simplicity, and ease of integration.
If flow begins to separate over the wing, the resultant suction and flow reversal lift the
covert surface, stopping the propagation of the flow reversal. Birds have multiple covert
feathers for this purpose, resulting in higher performance than a single solid flap [27]. This
feather approach allows for a localized response without inducing excess drag from a very
large surface lifting into the airstream over the wing. The proposed covert layer design
resides between the feather and rigid flap approach and uses a single piece of fabric per
wing with local reinforcement from the PCTPE rachides. Minor flap actuation at low angles
of attack and excess actuation of rigid flaps have experimentally resulted in efficiency
losses during normal flight conditions prior to pressure accumulation near the trailing edge.
Experiments have also shown the benefits of low mass and porosity to the flaps’ function
and sensitivity [27]. The proposed covert design draws inspiration from the longer covert
feathers found on seagulls and spans more of the wing chord than its rigid counterparts.
It is slightly stiffened by the rachides to prevent unwanted actuation in moderate flight
conditions while remaining flexible enough to address flow separation locally. A similar
trait exists on the backs of Peregrine falcons, which use covert feathers to prevent flow
separation over their backs and tails during rapid descents [28,29]. To prevent pressure
accumulation, ridges, and slits are cut into the fabric near the trailing edge, as shown in
Figure 4.
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2.2. Tail Design

The proposed tail design is shown in Figure 5a. The compliant feather expansion
mechanism is affixed at both ends to an enclosed two-part rigid housing, 3D-printed with
ABS, that houses the feather expansion servomotor. This subassembly is mounted on the
pitch control servomotor, which sits in a frame directly attached to the tilt servomotor. The
tilt servomotor is housed in an ABS bracket connected to the central rod of the drone’s
fuselage. Similar to the wing design, the pitch and tilt mechanism is uncoupled from
the tail’s feather expansion mechanism to facilitate its replacement by a rigid connection
to increase structural rigidity. The compliant mechanism controls planar feather spread,
inspired by the FishBAC mechanism [26] (Figure 5b). 3D-printed TPU offers the best
properties for this compliant structure. Linear actuation along a central shaft is converted
into radial expansion of the crests to which tail feathers are attached. This design reduces
the friction of moving parts in similar designs and maintains kinematic linkage between
the tail feathers. The feathers have an innate 5◦ angle of attack. The structure of the tail
feathers is similar to that of the wing feathers.
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The design of the compliant TPU tail feather spread structure was guided by finite
element analyses in SOLIDWORKS Simulation, offering the maximum planar feather
expansion angle without internal buckling in the radial spokes. The design iterations
strategically increased the thickness of a large portion of each spoke (Figure 5b). The results
of the converged FEA model showed a maximum planar feather expansion angle change of
46◦ with a 6 N force applied to the central shaft or a prescribed 10 mm input displacement
and a 45◦ with a 4.4 N force or 6.6 mm prescribed displacement in the opposite direction
(detailed in Section 3.1). Compared to the left- and right-hand tail planar morphing design
of Murayama et al. [19], symmetric planar morphing was applied. The previously reported
paired two DOF morphing control [19] was meant to counteract adverse roll during yaw
tilting. This was compensated for by the sweep-morphing wing capabilities.

3. Results
3.1. Finite Element Analyses

The two critical components in the proposed designs were optimized in SOLIDWORKS
Simulation for the intended use and to guide the selection of servomotors that would
actuate them. The first component is the outer wing PCTPE corrugated structure (Figure 2),
and the second is the TPU flexible tail feather expansion structure (Figure 5b). The material
properties used in the simulations are listed in Table 1. Due to the large deformations
experienced, geometric nonlinearity was considered in solving both models to account for
the change in stiffness as the structure is deformed. A convergence study was performed
on each component before selecting a suitable mesh; ultimately, a biased mesh refined
around smaller features was used.

Table 1. Material properties of the used materials.

Young’s Modulus, E [MPa] Poisson’s Ratio, υ Yield Strength, σy [MPa]

PCTPE 73 0.392 73

TPU 40 0.394 79.3

Due to symmetry, only half the tail structure was modeled, and appropriate symmetry
boundary conditions were applied. The structure was fixed at the surface where it contacts
the mounting bracket (Figure 5). The converged mesh included 35,194 3D solid elements,
corresponding to 58,810 nodes. By applying a 10 mm prescribed displacement to the
base of the central shaft, the outer crests extended their spread angle (defined here as the
angle between the leftmost and rightmost feathers) from their normal 80◦ to 126◦, a 46◦
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increase (Figure 6a). Figure 6b shows the factor of safety (FOS) distribution under these
conditions. The minimum FOS was 27.24 at one of the corrugations, indicating a safe design
during feather expansion actuation. To reduce the feather spread angle by 45◦, multiple
studies with various downward prescribed displacement values were performed. Only
6.6 mm of downward central shaft displacement was needed to reduce the feather spread
angle from 80◦ to 35◦ (Figure 6c). In this case, the minimum FOS was 35.16 (Figure 6d),
bringing the total tail feather spread actuation range from fully expanded to fully retracted
to approximately 91◦ (126◦ − 35◦ = 91◦).
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The reacting force on the base of the central shaft was 3 N in the feather expansion and
2.2 N in the feather retraction simulations. However, these forces apply to the half model
and should be doubled for the full model. Hence, any servomotor providing an output force
greater than 6 N is suitable for this mechanism if the stroke is ≥10 mm. Higher forces would
ensure that any losses or applied loads would not alter the deformed shape of the structure.
The selected micro servomotor could provide a torque of up to 4.8 kg.cm. A 1 cm servo
horn was used to convert the rotational to linear motion, enabling a 10 mm stroke in both
directions. The maximum force would then become Fmax = Tmax/r = 4.8 × 9.81/1 = 47.1 N.
The minimum torque reported for this servomotor was 4 kg.cm, leading to a minimum
force of Fmin = Tmin/r = 4 × 9.81/1 = 39.2 N. This relatively large actuation force, which
was considerably higher than the required force for morphing (6 N), along with the 10 mm
stroke corresponding to the maximum stroke needed for the desired deformed shape,
justified the selection of the servomotor, which is also lightweight (8.5 g). Notably, the
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aerodynamic transverse loads applied on the feather vanes would be transferred through
the feather shafts to this structure. However, the top and bottom solid plates of the tail
mechanism housing, which sandwich this feather expansion structure, would provide the
needed support. Experimental testing results are provided in Section 3.2.

The outer wing corrugated structure was fixed at the surface contacting the outer wing
adapter (Figures 2 and 3). A mesh with 27,321 3D solid elements was used, corresponding
to 50,766 nodes. The camber morphing angle was defined as the angle between the tangent
line of the tip and the midplane of the corrugated structure. To deform the structure and
obtain a 45◦ camber morphing angle, a 0.4 N vertical force was required at the tip, leading
to a maximum resultant displacement of 96.6 mm (Figure 7a). A maximum Von-Mises stress
of 3.22 MPa would be generated at the first corrugation closest to the fixture, corresponding
to a minimum FOS of 22.7, indicating a safe design at maximum actuation. The angle
between the centerline of the structure and the connecting rod where the input force was
applied was ~5◦. Hence, the applied force should be 0.4 N/sin(5◦) = 4.59 N. Thus, the
selected lightweight servomotor, similar to that used for the tail expansion mechanism,
would provide sufficient force (at least 39.2 N) to morph the structure via the connecting
carbon-fiber rod, maintaining it in its morphed shape for as long as the wing is required
to be retracted. For the sake of simplicity, this nonlinear simulation excluded the feathers.
Although feathers are relatively lightweight, in flight, the aerodynamic loads applied to the
feather vanes are transferred to this corrugated structure via the feather shafts. However,
the carbon fiber rod that connects the tip to the servomotor at its root would provide the
needed support. Experimental results are presented in Section 3.2.
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3.2. Manufacturing and Testing

Reinforced balsa wood and interwoven fiber-glass composite laminate were consid-
ered for the feathers. Figure 8 shows sample manufactured feathers from both options.
Due to its relative simplicity, reinforced balsa wood was selected for the proof-of-concept
model. With 3D drawings of all feathers, a laser cutter created the wing and tail feather
vanes from 3-mm thick Balsa wood sheets. Carbon-fiber rods of 1.5-mm diameter were
used as feather shafts. A strong cyanoacrylate adhesive was applied to bond each shaft to
its vane at three points to adjust its orientation. The feathers were then reinforced by a layer
of vinyl tape with optimal bidirectional properties for this application. The balsa wood
created a solid surface on which aerodynamic forces could act. Meanwhile, the vinyl tape
provided reinforcement against bending forces across the wood grains while still keeping
the feathers lightweight. The carbon fiber rods offered a lightweight and resilient means of
suspending the feathers from their mounting points. The feathers were then inserted into
their appropriate pins in the wing or tail subassemblies. Fiber-glass composite feathers, on
the other hand, were made of one glass fiber ply taking the outer shape of the feather vane,
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and a smaller strip acting as a second ply in central part of the feather. The carbon fiber
feather shaft is sandwiched between the two plies, significantly reinforcing the central part
of the feather, as shown in Figure 8b.
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fections, and the slight difference in the applied load’s magnitude and direction are pos-
sible causes of the difference in the deformed shape between the two models. However, 
the servomotor, that was selected guided by the simulations, proved to be capable of 
properly deforming the model to the retracted configuration and support it via the car-
bon-fiber rod in its morphed configuration. The wing actuation test is presented in Video 
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Figure 8. Sample manufactured feathers: (a) reinforced balsa wood, (b) interwoven fiber-glass
composite.

The outer wing’s flexible corrugated PCTPE section was 3D-printed, and short 1.5 mm
carbon fiber rods were inserted in the holes of its web. Feather adaptors were connected to
these rods from one side and the feather shafts from the other. Each adaptor had a different
angle to allow the feathers to take the shape of the seagull’s outer wing (Figure 9a). The
servomotor was placed in its housing in the elbow hinge. The Corona DS-843MG digital
high torque micro servo (Torque: 4–4.8 kg.cm, speed 0.12–0.10 s/60◦, operating voltage:
4.8–6 V, weight: 8.5 g, dimensions: 23 × 9 × 23 mm) was used for all mechanisms. A
carbon fiber rod was connected to the servomotor and ran along the outer wing above the
feathers to a connector at the wing tip. The actuation of this servomotor causes wing feather
contraction and expansion when the rod is pulled backward and forward, respectively.
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Figure 9. Proof-of-concept model of the proposed outer sweep-morphing feathered wing design:
(a) expanded configuration, (b) tucked configuration.

Actuation of the outer wing resulted in a 56.3◦ camber morphing angle, corresponding
to 102 mm of tip vertical deflection (Figure 10a). For comparison, Figure 10b shows the
deformed shape from the preliminary finite element analysis, presented in Section 3.1. The
camber morphing angle from the simulation was 45◦, with 96.6 mm vertical tip deflection.
Uncertainty of the material properties used in simulation, manufacturing imperfections,
and the slight difference in the applied load’s magnitude and direction are possible causes
of the difference in the deformed shape between the two models. However, the servo-
motor, that was selected guided by the simulations, proved to be capable of properly
deforming the model to the retracted configuration and support it via the carbon-fiber
rod in its morphed configuration. The wing actuation test is presented in Video S1 in the
Supplementary Materials.
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Figure 10. Comparison between the experimental (a) and computational (b) deformations of the
outer wing’s corrugated structure under actuation force.

The inner wing skin with an S1223 airfoil profile was then wrapped around the inner
wing structure to protect it and give the wing its desired aerodynamic profile. The skin
was bonded to the fuselage once the final location of the wing was adjusted for stability.
The covert layers were bonded to the top surface of the inner wing skin. Figure 9 shows
the fully assembled and actuated proof-of-concept model.

The top and bottom parts of the tail mechanism housing were 3D-printed with ABS,
stacked, and bonded together. The compliant feather expansion mechanism was 3D-printed
with TPU and attached to the housing at both ends. An actuation test was performed by
applying an upward displacement of 10 mm and a downward displacement of 6.6 mm to
the central shaft, similar to the FEA simulations. A comparison between the experimental
and computational results for the expansion, undeformed, and retraction configurations is
presented in Figure 11. The tail feather spread angles at these three configurations were
120◦, 80◦, and 44◦, respectively, and the computational spread angles were 126◦, 80◦, and
35◦. Similar to the wing deformation, the difference is possibly due to the uncertainty in
material properties and manufacturing imperfections. The computational model proved
highly useful in determining the needed stroke from the servomotor and the minimum
required actuation force. The computational model was also essential in guiding the design
of the spokes to prevent internal buckling.
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Figure 11. Comparison between the experimental (top) and computational (bottom) deformation
of the compliant tail feather expansion structure under actuation in both directions. Left column:
expansion (10 mm central shaft upward displacement); middle column: undeformed; right column:
retraction (6.6 mm central shaft downward displacement).

The remainder of the tilt and pitch mechanism components were 3D-printed with
ABS, and servomotors were installed in their housings to complete the proof-of-concept
model (Figure 12). Video S1 in the Supplementary Materials presents the tail actuation test.
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The selected servomotors were sufficiently strong to cause the desired actuation, and the
selected flexible materials (PCTPE and TPU) proved suitable for these unique applications.
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(a) feather contraction, and (b) feather expansion.

4. Discussion and Conclusions

There are more than 50 species of gulls distributed worldwide, ranging in size from
the little gull, at 120 g and 30 cm long, with a 78 cm span, to the great black-backed gull, at
1.75 kg and 76 cm long, with a 1.7 m span. Gulls are generally uniform in shape, with heavy
bodies, long wings, and moderately long necks [30]. Bird wings are multifunctional struc-
tures with an incredible balance between stiffness to withstand the varying aerodynamic
load and flexibility to allow for morphing required for maneuvering. The wings have joints
and muscles that enable them to change the orientation of their bones and expand their
feathers. Bird bones are lightweight due to their porosity and low density, while feathers
are super lightweight yet very strong and durable due to their associated fibers. Indeed,
the benefits and superiority of morphing avian wings have been reported compared to
traditional ones. However, despite advances in additive manufacturing, composite ma-
terials, and servomotors, constructing lightweight, functional morphing UAVs remains
technically challenging.

This paper expands on the developments of morphing technology with proposed
sweep-morphing feathered wing and tail designs influenced by the anatomy of a common
seagull. As highlighted by Baliga et al. [31] and Harvey et al. [20,21], the manipula-
tion of two skeletal joints in the gull’s wing (elbow and wrist) is responsible for most
of the wing shape change. Hence, the proposed morphing wing design features planar
sweep-morphing capability with feather expansion. This morphing action can operate
symmetrically or asymmetrically. Asymmetric sweep-morphing generates roll moment.
The musculoskeletal mechanism birds use to expand the feathers of their tails was described
by Gatesy and Dial [32] and Zusi and Gill [33]. Both highlighted the importance of the
bulbi rectricium muscle, which holds the root ends of the feathers and acts independently
of other tail muscles [33]. As the bulbi rectricium contracts, it changes shape, causing
the rotational position of each feather to change. The tail feather expansion-compliant
mechanism presented in this work mimicked this action to control the rotational position
of the tail feather shafts.

Achieving the optimal balance between flexibility, to allow morphing with the avail-
able actuation forces, and stiffness/strength, to carry the applied aerodynamic loads, is
one of the most challenging tasks in designing morphing structures. Using rigid materials
in morphing designs requires a relatively large number of components connected with
joints, which could increase friction, complexity, and failure mechanisms. The 3D-printed
materials proposed in this work and the geometric design of the wing and tail feather
expansion mechanisms proved effective in producing the desired morphing deformations
with the available servomotor actuation forces. In both designs, only one component was
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needed to hold all feathers and morph them once actuated, avoiding any mechanical joints
in the design.

The computational simulations and actuation tests performed on the manufactured
proof-of-concept models justified the design decisions and demonstrated the effectiveness
of the proposed designs. However, feathers are attached to these mechanisms, and the
feather shafts act as cantilever beams that will bend under the transverse aerodynamic load
the UAV would experience, depending on the shaft and the vane materials. The proposed
shafts are composite rods with two options for the vane material. The laminated composite
vanes would be stiffer with a small weight penalty. Further wind tunnel and flight tests on
a full UAV would confirm these preliminary findings.

Future work will focus on designing, building, and testing a bio-inspired, non-flapping
gull-like drone that implements the proposed wing and tail designs with no traditional
flight control surfaces or a vertical stabilizer. The drone’s flight dynamics, controllability,
and stability will be studied by considering the morphing actuation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app132111814/s1, Video S1: Wing and tail actuation.
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