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Birds dynamically adapt to disparate flight behaviours and unpredictable
environments by actively manipulating their skeletal joints to change their
wing shape. This in-flight adaptability has inspired many unmanned
aerial vehicle (UAV) wings, which predominately morph within a single
geometric plane. By contrast, avian joint-driven wing morphing produces
a diverse set of non-planar wing shapes. Here, we investigated if joint-
driven wing morphing is desirable for UAVs by quantifying the longitudinal
aerodynamic characteristics of gull-inspired wing-body configurations. We
used a numerical lifting-line algorithm (MachUpX) to determine the aerody-
namic loads across the range of motion of the elbow and wrist, which was
validated with wind tunnel tests using three-dimensional printed wing-
body models. We found that joint-driven wing morphing effectively controls
lift, pitching moment and static margin, but other mechanisms are required
to trim. Within the range of wing extension capability, specific paths of joint
motion (trajectories) permit distinct longitudinal flight control strategies. We
identified two unique trajectories that decoupled stability from lift and pitch-
ing moment generation. Further, extension along the trajectory inherent to
the musculoskeletal linkage system produced the largest changes to the
investigated aerodynamic properties. Collectively, our results show that
gull-inspired joint-driven wing morphing allows adaptive longitudinal
flight control and could promote multifunctional UAV designs.

1. Introduction

A bird can begin its day foraging in a slow glide, suddenly needing to evade a
predator, only to later fly home battling an incoming storm. The adaptability
demonstrated by birds is in part due to their ability to morph the shape of
their wings, both actively and passively [1-4]. Previous research has shown
that active wing morphing allows birds to dynamically adapt their aerody-
namic performance and stability characteristics in response to changing flight
conditions or requirements [2,5]. In comparison, fixed-wing unmanned aerial
vehicles (UAVs) are often designed to satisfy specific functions, such as high-
altitude surveillance or long endurance flights, and efficient operation is limited
to their intended mission parameters [6]. The adaptability offered by avian
wing morphing is highly desirable for UAVs as it may broaden the efficient
operational range, reduce operating costs as well as offer enhanced or novel
capabilities [3,6-8]. In addition, UAVs often face aerodynamic control chal-
lenges including the need to adapt to variable environmental conditions [9]
or manoeuvre through complex territories [10], while birds complete similar
tasks with apparent ease. Therefore, it is of no surprise that as engineers
strive towards the objective of an adaptive, multifunctional UAV, bird wings
have directly and indirectly inspired many morphing wing designs [6,11-15].

The majority of current engineered morphing wings adjust their wing
geometry discretely within one or two planes, such as span, sweep, dihedral,
etc. [11,12,14,15]. By contrast, bird wings are composed of an underlying mus-
culoskeletal system that can be approximated as a non-planar six-bar linkage

© 2021 The Author(s) Published by the Royal Society. All rights reserved.
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Figure 1. Gull wings inspired our analyses of how avian joint-driven wing morphing affects longitudinal aerodynamic control, stability and balance. (a) Wings from
gull cadavers (n=3) were manually manipulated throughout the range of motion of the elbow and wrist while tracking the 3D position of seven peripheral
landmarks (black points) and four joint landmarks (white points). (b) The identified wing shapes were simplified using linear approximations between the peripheral
landmarks. Four aerofoils were used to create the wing-body configurations. () The simplified wing shapes were reflected about the x—z plane and investigated
using MachUpX and cosine clustering to distribute the control points along the span. (d) To validate the numerical results, nine wing shapes were 3D printed and

tested in a 2 ft-by-2 ft low-speed wind tunnel.

system [16]. When the applicable muscles are activated, the
non-planar musculoskeletal linkage causes three-dimensional
(8D) changes to the overall wing geometry [5,16,17]. Active
manipulation of only two skeletal joints, the elbow and
wrist is responsible for the majority of this wing shape
change (figure 1) [5,17]. These joints have three degrees of
freedom, i.e. the ability to extend/flex, pronate/supinate
and elevate/depress [17]. However, within gliding flight
extension/flexion dominates the range of motion and thus
we have limited our study to focus only on the range of
motion of extension and flexion for the elbow and the wrist
(hereafter referred to as ‘joint-driven wing morphing’). There-
fore, in this work the elbow and the wrist represent an
approximated minimum set of coordinates that is required
to define the overall wing shape. In this case, traditional geo-
metric properties including distributions of wing twist,
sweep, dihedral and the final wingspan can be approximated
as functions of the joint positions [5,18]. Further, these non-
planar wing shapes likely have aerodynamic characteristics
that differ from comparable planar wing aerodynamic
theory [19], as highlighted by the Hyper Elliptical Cambered
Span (HECS) wing inspired by gulls, which had improved
aerodynamic efficiency (higher lift-to-drag ratio) compared
to an equivalent planar wing [20].

Despite the physical differences, no engineered morphing
wing designs have implemented biologically accurate joint-
driven wing morphing. This discrepancy is likely due to
the many challenges associated with implementing a non-
planar morphing wing including complex manufacturing
methods as well as additional mechanism weight and struc-
tural rigidity considerations [6]. In addition, because we
cannot assume that a bird’s wing has been optimized for
flight [21], it follows that we cannot assume that a biologi-
cally accurate morphing wing will provide any advantage
over a planar morphing wing. This leads to the main question
of our study: does avian-inspired joint-driven wing morph-
ing provide sufficient aerodynamic benefits to warrant
implementation in a future UAV wing design?

To address this question, we investigated the benefits of
gull-inspired joint-driven wing morphing by quantifying
longitudinal aerodynamic stability and control, which
are critical for any successful flight, be it high-altitude

surveillance or evasive manoeuvres [4,22,23]. We assumed
a symmetric glider with no sideslip, to permit longitudinal
(pitch, motion in the x—z plane, figure 1) and lateral (roll
and yaw, motion in the x—y or y—z planes) components to
be decoupled [22]. In this work, longitudinal control refers
to a morphing wing’s ability to actively adjust its generated
lift force and pitching moment. Traditional aircraft can con-
trol lift through wing flap deflections and the pitching
moment through elevator deflections [22,23]. In addition
to longitudinal control, we considered the effects of joint-
driven wing morphing on longitudinal stability and bal-
ance. Longitudinal stability is the tendency of an aircraft
to return to its equilibrium after an external disturbance,
which requires an evaluation of both the static (initial) and
dynamic (time-dependent) response [22]. Here, we focused
solely on static stability, a necessary but insufficient con-
dition for full stability. Finally, longitudinal balance is the
ability for a glider to fly at an equilibrium, also known as
trimmed flight.

To quantify the longitudinal control, stability and balance
associated with gull-inspired joint-driven wing morphing, we
first identified the 3D simplified wing shapes associated with
the extension and flexion of the elbow and wrist for hybrid
glaucous-winged (Larus glaucescens) x western (Larus occiden-
talis) gulls (n=3). We selected gulls as our study species
because their non-planar wing shape is known to be actively
controlled by elbow and wrist manipulation [5]. In addition,
gulls are a good model species for multifunctional UAVs as
they are generalist flyers, using a wide variety of flight
styles from steady glides to sudden manoeuvres [24,25].
Next, we aligned and simplified each extracted wing shape
(n=1031) and connected these wings to a gull-shaped body
(figure 1b). With each final wing-body configuration, we
predicted the aerodynamic properties using MachUpX, a
low-order numerical general lifting-line model (figure 1c)
[26-28]. We validated the outputs from MachUpX with
experimental wind tunnel measurements on 3D-printed
half-span equivalent wing-body models (figure 1d). Finally,
we investigated four quasi-steady joint extension trajectories
within the range of motion that could be implemented to
improve the adaptability of a gull-inspired joint-driven
morphing UAV wing.
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2. Material and methods
2.1. Determining the wing-body configurations

Wings from gull cadavers (17 =3) were manually manipulated
throughout their full range of elbow and wrist extension and
flexion while filming 11 key landmarks with three high-
speed cameras. Seven landmarks on the wing periphery
(black points, figure 1a) provided an outline of the overall
wing shape through the range of motion and four landmarks
on the wing joints (white points, figure 1a), allowed us to cal-
culate the elbow and wrist angle associated with each wing
outline. The videos were digitized using DLTdv5 software
[29] to return the 3D position of each landmark. For a detailed
methodology on how the 3D landmarks were obtained
refer to [5].

The final extracted 3D landmarks were re-oriented using a
custom R script to align the wrist joint with the humerus head
on the z- and y-axes (figure 1b). We defined 0° angle of attack
by rotating the wing about the y-axis until the tip of the first sec-
ondary feather (S1) was aligned with the wrist joint along the
x-axis. Next, we exported the aligned landmarks into a custom
Python script to ease interfacing with MachUpX and limited
the configurations to those with elbow and wrist angles above
the minimum angles used in vivo by gliding gulls [5]. Next, the
wings were segmented along the x-axis at each peripheral land-
mark. For each segment, the custom script returned simplified
leading and trailing edge points, and a value of sweep, dihedral
and twist within that segment. The last 5% of the wing segment
span was linearly blended into the next segment to avoid sharp
changes in wing geometry. These geometric properties were
selected to minimize error between the true peripheral land-
marks and the final simplified wing shapes. The maximum
summed error for all landmarks was found to be 2.1 mm.

Next, we selected three aerofoils to distribute along the wing-
span. We extracted two aerofoils from a previously published
scan of a gull wing at 20% (Liu S20) and 40% (LiuS20) span
(figure 1b) [30]. As the species was not identified in that study,
we assumed that the aerofoil shape is similar between different
gull species. We defined the aerofoils for each segment based
on the locations of the skeletal joints as illustrated in figure 1b.
For segments more distal than the wrist joint, we assigned a
NACA 3603 aerofoil because the scan did not capture the wing
after 77.2% span [30]. We selected the NACA 3603 after compil-
ing a list of measured distal avian aerofoils [31-33]. All aerofoils
were linearly blended to create a smooth wing surface within the
MachUpX framework [26].

There are a few key assumptions on the final wing shapes.
First, we assumed that throughout elbow and wrist extension
and flexion, the digits (including the alula) remain fixed. Next,
we elected to not consider the capability to elevate/depress or
supinate/pronate along joints within the wing or to adjust over-
all wing position via rotation at the shoulder joint. Additionally,
we neglected wing porosity, roughness and flexibility to isolate
the effects solely due to the shape change created by joint-
driven wing morphing. Owing to these assumptions and the
alignment routine, the final wing shapes are not necessarily
representative of an in-flight configuration used by live gulls.

Each final wing shape was attached to a gull-inspired body.
We selected a NACA0020 aerofoil based on an estimated body
length (41 cm) and body height that was estimated using an allo-
metric relationship with a body mass of 0.91kg [34,35]. The
shoulder joint was positioned at the quarter-chord of the body.
The body width and position of the shoulder joint along the
y-axis (figure 1b) was determined from allometric relationships
with the same body mass [35]. To create an avian-like body
shape, we reduced the body chord from a maximum at the
body’s centre to the wing root chord length at the body’s
edges using a cosine distribution.

For each wing-body configuration, we quantified a few tra-
ditional geometric properties including the total and projected
wing area, as well as wing tip twist, sweep and dihedral
(figure 3c). The total wing area is half of the entire wing-body
wetted surface area where the projected wing area is the wing-
only area projected onto the y—x plane at 0°, the body projected
area remains approximately constant. The wing tip twist,
dihedral and sweep values were calculated for the most distal
wing segment within our custom Python script. Note that all
tested wing shapes had wingtips with some degree of backwards
sweep and anhedral.

2.2. Numerical lifting-line solution (MachUpx)
MachUpX is a Python implementation of the Goates—Hunsaker
(G-H) general numerical lifting-line method, which is a modern
extension of Prandtl's classical lifting-line theory [26-28].
Within the G-H method, the wing is replaced by a set of horse-
shoe vortices and Prandtl’s lifting-line hypothesis is enforced at
a single control point on each vortex to determine the aerody-
namics of the wing. Wings are modelled in MachUpX using
the quarter-chord distribution of sweep, dihedral and twist. Mul-
tiple spanwise sections can also be used to incorporate viscous
effects by allowing for viscous section lift, drag and moment
coefficients. The outputs from MachUpX used in this study are
the total forces and moments for a given wing-body confi-
guration. As a low-order numerical method, MachUpX is
ideal for quickly performing comprehensive investigations of
multi-degree-of-freedom design spaces.

We evaluated the wings as a symmetric full-span configur-
ation at a velocity (U) of 10ms™' to approximate a gull’s
gliding speed (density (p): 1.225kg m™>, kinematic viscosity:
1.81x 10> m?s™") [5,36]. We specified a grid resolution of 200
cosine clustered vortices for the wing and 60 for the body
(figure 1c). We used MachUpX'’s nonlinear solver with a conver-
gence tolerance of 107° and a relaxation factor of 1, 0.8, 0.5 or
0.01. Each wing was tested from —10° to 10° in increments of
1°. In total, we had convergence for at least one angle of attack
for 1031 wing-body configurations with a total of 9720 converged
test cases. The majority of the convergence was at lower angles
of attack.

We used the MachUpX outputs to investigate the lift and
pitching moment for the wing-body configurations. We were
not able to investigate the maximum lift produced by each con-
figuration due to the limitations of the numerical method for
the complex shapes. Additionally, we did not investigate drag
as it was outside the scope of this study, but it likely plays a vari-
able role in avian wing morphing and warrants future
investigation. Note that MachUpX predicted the experimental
drag within the expanded experimental uncertainty range for
all wings except for configurations 6, 7, 8 and 9 (figure 2c).

To allow comparison between the experimental and numeri-
cal lift and pitching moments, we non-dimensionalized the
outputs by the dynamic pressure (1/2pU?), maximum total
wing area (Smax) and maximum wing-body mean chord (cmax)
for each specimen across all morphed configurations to obtain
Cluopn and Cp,,,, Tespectively. These adjusted aerodynamic
coefficients allow comparisons across different wing specimens
without filtering out the wing area change due joint-driven
wing morphing. As there is relatively little information about
the location of a bird’s centre of gravity, we evaluated the pitch-
ing moment about the body’s quarter-chord (aligned with the
shoulder joint); this effectively assumes that the centre of gravity
is located at the body’s quarter-chord (figure 1a).

2.3. Wind tunnel study

To validate the numerical results from MachUpX, we 3D-printed
nine wing-body configurations across the range of motion
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Figure 2. MachUpX effectively predicted the aerodynamic forces and moments for the investigated wing shapes. (a) The in vivo range of motion used by gliding
gulls was investigated using MachUpX (n = 1031, translucent grey points; higher-sampled configurations accordingly appear darker) and validated with wind tunnel
tests of 3D-printed wing shapes distributed across the range (white squares). (b) Experimental wings (photo, left) were tested at an 80% scale from the numerical
wings (front view of figure 1b, right). (c) Planform views of the 3D-printed wing shapes corresponding in location/arrangement to the white squares in (a) and the
plots in (d) and (e). Wing shapes in (b) and (c) are described by (elbow angle, wrist angle). (d) MachUpX predicted the lift force within the expanded uncertainty
range at low angles of attack. () The numerical results for lift and pitching moment lie within the expanded uncertainty range on both variables. The error bars
represent the expanded uncertainty range, approximately a 95% confidence interval.

(figure 2a—c). The wing shapes are identical to those tested in
MachUpX due to a feature that outputs the DXF files for a speci-
fied wing shape [26]. These files were prepared into a 3D model
and 3D printed on a CONNEX500 printer in a rigid plastic
(VeroWhitePlus). We printed half-span wing-body models at
80% scale to ensure that the largest wingspan only extended to
71% of the tunnel width. The printed wings were lightly
sanded to minimize surface roughness.

The final wings were tested in the University of Michigan
2ft-by-2ft low-speed wind tunnel at 12.5ms™" (electronic sup-
plementary material, figures S1 and S2). This enforced a
constant Reynolds number (Re) between the experimental and
numerical tests of approximately 1.4-1.5 x 10° based on the maxi-
mum mean chord for the wing-body specimen. The wings were
mounted to the top of the wind tunnel on a six-axis load cell (ATI
Delta) that sampled at 4 kHz for 45 s. There was a 0.5-inch gap
between the body and the tunnel edge. The load cell was
installed on a rotary table (Parker 30012-S) connected to a
motor (VEXTA PK266-03B) and a VELMAX motor controller.
This installation method used the reflection plane methodology

and blockage constraints were neglected due to the minimal
size of the wings relative to the tunnel test section [37]. Using a
custom MATLAB script, we performed an angle of attack
sweep from 0°to 24° (A2°), 25° to 1° (A2°), 0° to —3° (A1°) and
—4° to —20° (A2°).

Finally, to investigate the differences between the wind
tunnel and numerical results, we fit a first-order linear model
to the numerical and experimental results from the nine tested
wing shapes for the lift and pitching moment data, respectively,
with the elbow, wrist, angle of attack (or lift for the pitching
moment model) and method as the dependent variables.

3. Results
3.1. MachUpX validation

The MachUpX lift and pitching moment results fell within
the expanded experimental uncertainty range for low
angles of attack (figure 2d,e) [38]. Disregarding the expanded
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uncertainty range, there was an average absolute error in the
lift and pitching moment of 0.08 and 0.04 at 0°, respectively.
Note this is largely manifested by MachUpX underpredicting
the lift for lower wrist angles and higher elbow angles
(figure 2d, configurations 6, 8 and 9). By 5°, the error in
both metrics more than doubled. We found that there was
no significant effect of methodology (experimental or
numerical) on the predicted coefficient of regressions for
either the elbow or the wrist. However, there was a significant
effect of methodology (p-value <0.001) on the predicted coef-
ficient of regression for the angle of attack for both the lift and
pitching moment models. Specifically, at high angles of attack
MachUpX either did not converge, or under predicted the
magnitude of lift and pitching moment, likely due to more
stalled regions. Informed by these outcomes, the rest of our
analyses were limited to angles of attack less than 5°.

3.2. Lift force and pitching moment production

With the outputs from MachUpX, we evaluated the lift and
pitching moment at a constant 0° angle of attack for all
wing-body configurations (figure 3a and b). We found that
the majority of the configurations produced a negative
(nose-down) pitching moment and a positive lift force.
Figure 3ab reveals that wings with high elbow and low
wrist angles had the highest lift and lowest pitching
moment, representing the highest absolute loading condition.
Unexpectedly, we found that these highly loaded wing-body
configurations did not have the highest wing area (total or
projected) but instead had the most positive twist angle at
the wingtips (figure 3c). Positive twist known as wash-in,
occurs when the wingtips are at a higher angle of attack
than the wing root. Traditional aircraft are designed with
wash-out so that the wing root will stall before the wing
tip, which improves the handling characteristics of the aircraft
[39]. The importance of twist in lift and pitching moment pro-
duction is supported by a previous experimental study that
demonstrated that active wing twist morphing alone pro-
vides effective longitudinal control of a tailless aircraft [40].
For the tested configurations, we found that wash-in was
associated with a highly swept wing while the less swept
(extended) wings exhibited wing tip wash-out. Although
wingtip twist was a good predictor of the developed forces
and moments, models informed by the elbow and wrist
also successfully predicted the developed lift (conditional
R? of 0.90) and pitching moment (conditional R* of 0.98)
(see the electronic supplemental material for further details).
The good model fit suggests that an engineered joint-driven
morphing wing could provide a reliable method for control-
ling the lift and pitching moment in flight, similar to twist
control.

Our results have important consequences for estimations
of aerodynamic forces on live gliding birds. Specifically, the
wing area may not be an effective metric to differentiate
between the lift and pitching moment produced by different
wing shapes used by the same bird (figure 3c). Instead, if
they can be obtained the wingtip twist and sweep angle
can provide improved metrics.

3.3. Longitudinal stability and balance
Next, we assessed longitudinal balance and stability using
the pitch-stability derivative (slope) and zero-lift pitching

moment (y-intercept) from the linear model:

dcmmnrph CL

Cmmm‘ph = dCL

+ Cmmorph,L:f) . (31)

morph
morph

A flyer is statically stable if the pitch-stability derivative is
negative, and a flyer can be balanced while statically stable if
the zero-lift pitching moment is positive.

3.3.1. Longitudinal static stability
First, we evaluated the static stability, which requires that a
stable glider perturbed from its equilibrium by an external
disturbance (figure 3d) will develop a change in pitching
moment with an opposite sign to the change in the lift
force. This returns the glider towards its equilibrium. We
found that all the investigated wing-body configurations
had entirely negative pitch-stability derivatives and thus
were statically stable (figure 3¢). The magnitude of the static
stability was higher for more folded wing configurations.
Next, we evaluated the traditional aircraft static margin
metric which is equal and opposite to the pitch-stability
derivative:
Mmorph

. . XcG — XNP
static margin =— = .
dCLmorph Cmax

(3.2)

Where xc¢ is the location of the centre of gravity and xyp is
the neutral point of the wing-body configuration, which is
the location where the pitching moment is independent of
the angle of attack. The negative pitch-stability derivatives
(positive static margins) for all our tested configurations indi-
cated that xnp is substantially aft of the body quarter-chord.
When we considered the magnitude of the change, our
results revealed that joint-driven wing morphing permits a
maximum static margin shift of 24% of ¢y Or approxi-
mately 5.1 cm. Moreover, if the gull-inspired wing-body xcg
was relocated between 4.1 and 9.2 cm behind the shoulder
joint, this sizable static margin shift would allow the glider
to shift between stable and unstable configurations. Further,
we found that joint-driven wing morphing provides an effec-
tive method to control the static margin as the elbow and
wrist angles were good predictors of the pitch-stability
derivative (conditional R*=0.83). In any case, this large
static margin shift would result in significantly different
handling qualities between configurations, which is usually
an undesirable condition for human pilots [23].

This analysis assumes a fixed xcg, but in actuality morph-
ing a wing can cause the centre of gravity to shift. To estimate
an approximate xcg shift associated with joint-driven wing
morphing, we investigated the solid 3D-printed wings and
found a maximum backwards shift of 1.3 cm. Note that this
will not necessarily be comparable to an engineered morph-
ing wing because the weight distribution will depend on
the manufactured design. However, the xcg shift for a real
bird wing-body is likely smaller than the 3D-printed wings
due to the lightweight nature of feathers compared to the
musculoskeletal system and body. To obtain an approximate
estimate of the static margin shift, we assumed that the xcg
moves opposite to the xyp. This situation would reduce the
maximum static margin shift to 3.8 cm (18%). Note that we
non-dimensionalized the static margin using cmax, but tra-
ditional static margin analyses use the mean aerodynamic
chord which will be smaller than cp.y. In all, we expect
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Figure 3. Joint-driven wing morphing provides a reliable method to control the lift, pitching moment and static stability characteristics. (a,6) Constant lift and
pitching moment contour lines overlaid on the numerical results at 0° angle of attack (n = 414) highlight a region of high magnitude lift and pitching moment.
(¢) Normalized geometric properties, centred on 0° twist angle (black line). The black dashed line represents the wing configuration with the maximum projected
wing area. The colour scheme is based on the normalized value of ;. (d) Longitudinal static stability can be quantified with the zero-lift pitching moment and
pitch-stability derivative. (e,f) Constant pitch-stability derivative and constant zero-lift pitching moment contour lines overlaid on the results obtained from all wings

that converged at more than four independent angles of attack (n = 1012).

that our calculated static margin shift of 18% represents a
conservative estimate.

3.3.2. Longitudinal balance

Next, we investigated the longitudinal balance condition
which ensures that while in trimmed flight a glider can
create sufficient lift to support its weight when there is no
net moment (mathematically represented by a positive
x-intercept of equation (3.1), figure 3d). Because we require

a negative slope for static stability, this in turn requires the
y-intercept or zero-lift pitching moment to be positive. We
found that none of our wing-body configurations had a
positive zero-lift pitching moment (figure 3f). As a result,
a gull-inspired wing-body with the wings aligned following
our convention could not be balanced at 0° while flying in
a stable condition. This result is identical to a positively cam-
bered aircraft wing which has a negative zero-lift pitching
moment [22].
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configuration.

Furthermore, our results showed that the elbow and wrist
would not provide a reliable method to control the trim pos-
ition because they were poor predictors of the zero-lift
pitching moment (conditional R?=0.42). However, a hori-
zontal tail with control surfaces could be added to gain
control. Interestingly, unlike fixed-wing aircraft, birds not
only have a controllable horizontal tail, but they also can
rotate their wing about their shoulder joint. This is especially
relevant because birds are capable of sustained flight without
their tails, possibly suggesting an alternative method can be
used to maintain trimmed flight [4]. It follows that to have
controllable, balanced flight for the wing-body configurations
investigated, it will be necessary to investigate the possible
roles of both a controllable horizontal tail and a controllable
shoulder angle.

4. Discussion

Joint-driven wing morphing creates a two-dimensional
morphing space (figure 44, shaded region) that encompasses
a wide variety of aerodynamic properties available to a single
wing. In flight, a joint-driven morphing wing can follow any
continuous joint trajectory through this space. We defined a

joint trajectory as a specific set of elbow and wrist angles
obtained by following any continuous line within the
shaded region of figure 44, and a joint extension trajectory
as a specific subset of joint trajectories that progress from
left to right in figure 44. Note that it is also possible to
implement these trajectories in reverse (flexion), however in
this work we focus on the effects of extension alone. Each
specific joint extension trajectory will be associated with dif-
fering gradients in aerodynamic properties where gradients
can be visualized by considering the contour lines in figure 3a,
b, eand f.

To identify joint extension trajectories that could be useful
for a gull-inspired morphing UAV, we examined four unique
trajectories at a fixed 0° angle of attack while assuming a
quasi-steady extension that neglects any unsteady aero-
dynamic effects (figure 4a). The first three trajectories were
selected by individually extracting constant contour lines
from the lift (number 1), pitching moment (number 2) and
pitch-stability derivative models (number 3) (figure 4a). The
final trajectory considered is the linkage trajectory (number
4) which is the set of coupled elbow and wrist angles that
are provided by the mechanical advantage of the gull
wing’s six-bar linkage system (figure 4a) [16,17]. These
angles were determined in a previous study by fixing the
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humeral head of a specimen’s wing and manually applying a
point force within an approximate x-y plane (figure 1) to a
point on the wrist; this causes both the elbow and wrist
joints to extend due to the linkage coupling [17]. This
approach allows us to extract the kinematics of the coupled
linkage system that is caused by the displacement of a
single point, the point on the wrist in this case. Finally, we
visualized the wing shape at the start and end of each trajec-
tory from the ventral view (figure 4c) and head-on view
(figure 44d).

We found that both the constant lift and constant pitch-
stability derivative trajectories decoupled stability character-
istics from load production. First, the constant lift trajectory
(figure 42, number 1) created the highest absolute change in
the pitch-stability derivative, exhibiting a linear response
(R*>0.99) throughout the extension (figure 4be). This
linear trend indicates that the control effectiveness remains
constant, removing the need for a controller to know the
exact position of the wing. In addition, this trajectory had a
minimal effect on the pitching moment, where the instan-
taneous control effectiveness (instantaneous slope from
figure 4e) of the pitching moment was below 5x 10™* per
degree until over halfway extended but increased as the
wing neared maximum extension. In all, extension along
the first half of the constant lift trajectory would allow a
simple trajectory for a morphing UAV to adjust its static
margin without affecting the lift or pitching moment. This
extension trajectory could allow a gull-inspired morphing
UAV to shift from a stable to an unstable configuration with-
out affecting its longitudinal position or orientation.
Decreasing static stability may be useful when a flight
environment becomes gustier because lower static stability
reduces the strength of the inherently developed pitching
moment and may reduce path oscillations [5]. As a result,
this morphing trajectory may allow an active form of gust
rejection by maintaining the desired altitude and elevation
angle.

The second trajectory that decouples stability from load
production is the constant pitch-stability derivative trajectory
(figure 42, number 3). This extension trajectory created a large
magnitude increase in lift and decrease in pitching moment
both with linear responses (R*>0.99) throughout extension
(figure 4b,e). This trajectory acts similar to a traditional sym-
metric flap deflection because a downward flap deflection
increases lift and creates a nose-down pitching moment,
which can be counteracted with a controllable horizontal
tail. Thus, as with flaps this extension trajectory could be
used to steepen the approach angle during landing. Also
similar to flaps that do not change the overall wing area,
this trajectory avoids the undesirable change to an aircraft’s
handling qualities that is caused by a static margin shift
[23]. However, because the relationship between lift and
pitching moment is directly affected by the location of xcg,
a successful implementation of this morphing trajectory in
a gull-inspired morphing UAV will need to include a detailed
trade-off study investigating the most beneficial placement
of xcg.

Our results showed that minor variations off the ident-
ified trajectories re-couples the stability and loading
characteristics. Consider the constant pitching moment trajec-
tory (figure 4a, number 2) which appears to be slightly askew
from the constant lift trajectory (figure 42, number 1). Yet, the
constant pitching moment trajectory has a strong nonlinear

coupling between the developed lift and static stability [ 8 |

(figure 4b,e). Thus, for a UAV to gain the discussed benefits
from the two decoupled trajectories the joint angle control
will need to be precise, which increases the challenge of
manufacturing an effective joint-driven morphing wing.

Finally, we investigated extension along the linkage trajec-
tory (figure 44, number 4) and found that this extension does
not cause the largest change to any individual parameter but
does cause the largest magnitude change across all par-
ameters compared to the other investigated trajectories.
Interestingly, there was a nonlinear response, such that the
instantaneous control effectiveness differs substantially from
the total control effectiveness (figure 4eb). Specifically, at
the start of the extension trajectory Ci,,, increases by
6.3 x 107> per degree and Cotorn, decreases by 2.2 x 1072 per
degree, increasing the absolute load on the wing. Near the
end of the extension trajectory Ci,,., decreases by 4.7 x
10~ per degree and Citporn,  iDCTERSES DY 22x107° per
degree, decreasing the absolute load on the wing. Thus,
extension alone allows a method to both increase and
decrease aerodynamic loads, solely dependent on the
wing’s position along the extension. Note that these instan-
taneous control effectiveness values are a larger magnitude
compared to those obtained by all other investigated trajec-
tories (figure 4b,e). The strong variability in the response
possibly allows the linkage trajectory to serve many different
functions in flight such as initiating and maintaining complex
manoeuvres. Moreover, due to the mechanical advantage of
the linkage system, following this trajectory requires input
from only a single actuator which would simplify the manu-
facturing process of such a wing. However, the lift and
pitching moment are strongly coupled to the balance and
stability characteristics for the linkage trajectory. As such,
flight control using joint-driven wing morphing along the
linkage trajectory would be undesirable for human pilots
without an additional controller to account for the shifting
static margin.

There are few comparable-sized engineered morphing
wing aircraft with published longitudinal characteristics.
One great example is a goshawk-inspired drone with a maxi-
mum wing span (1.05m) that is 87% of the scale of our
largest wing (1.21 m) [12]. This aircraft saw a minimal
change in the lift and pitching moment produced between
a swept and extended position (with a furled tail) around
0° but, at higher angles of attack the extended wing had sub-
stantially higher loads with an absolute variation up to
roughly 0.5 in C, and 0.4 in C,. Note that C,, was non-
dimensionalized by the mean aerodynamic chord which is
smaller than cpax and thus our range of pitching moment
cannot be compared directly. Our morphing wing-body
numerical results showed an absolute variation of 0.48
in Cp,,,, and 0.18 in Cy,,, at 0°. Further investigation of
our experimental results indicated that the absolute variation
remains relatively constant across the investigated angles of
attack with the range only beginning to reduce below —5°.
This suggests that a joint-driven morphing wing UAV may
effectively provide lift and pitching moment control across
a broader range of angles of attack when compared with
planar sweep-only morphing.

The preceding discussions of longitudinal stability and
balance have assumed that the gull-inspired morphing UAV
would be controlled with open-loop stability (as is done
when a glider is statically stable). Instead, it is possible to

Z£101207 8L awuau) 0§ Y o Jisi/jeuinol/b10°buiysijgndanosiefos



use closed-loop stability to successfully fly while in an
unstable configuration [23]. For the gull-inspired morphing
UAV, the xcc would have to be shifted backwards by over
9.2cm from the body quarter-chord to render the entire
range of motion unstable. In this configuration, the pitch-
stability derivative will be positive and thus, a negative
zero-lift pitching moment would permit a trimmed position.
In traditional aircraft design this is called relaxed static
stability. Such an aircraft benefits from improved drag
performance and manoeuvrability characteristics but requires
a high degree of control to avoid the potentially serious con-
sequences of an unstable response to external inputs such
as gusts [23]. Our current results cannot comment on if
live birds use open-loop or closed-loop control, but for a
gull-inspired morphing UAYV, closed-loop control offers an
alternative to installing a horizontal tail. In this case, the
trim position would still need an effective control method.
This control could possibly be provided by the shoulder
angle similar to hang gliders [4,22].

It is important to note that our previous study of real pre-
pared gull wings found the opposite relationship between
elbow angle and the pitch-stability derivative compared to
the current rigid wing results [5]. We expect that differences
between the two studies may be caused by feather flexibility,
feather porosity, different wing alignments and/or the
inclusion of wing-body interaction effects within the current
study. Further investigation to understand the differences
between a rigid 3D-printed wing shape and a real gull
wing will be necessary.

To this end, many assumptions were required to allow a
targeted analysis of the effects of elbow and wrist morphing
and will require investigation in future studies to approach a
general understanding of how birds fly. For example, in this
study we did not include variations in velocity or Re. Birds
use an intermediate Re and it is therefore possible that shifting
into a lower or higher regime could have a measurable effect
on the longitudinal characteristics of an avian-inspired wing
[19]. Additionally, it will be necessary to evaluate the coupled
role of shoulder joint control with elbow and wrist morphing
to develop a holistic understanding of flight control due to
avian wing morphing. Further, our work assumed quasi-
steady extension, however in reality birds can manipulate
their joints very quickly which could result in induced flow
along all major directions. A detailed mechanistic study is
warranted in the future to determine the presence and the
role of specific unsteady aerodynamic effects. Finally, we
only investigated a single species, but birds have a broad
range of species diversity, each of which may offer unique
insights on how to efficiently design UAVs. In particular, we
expect different control effectiveness values between different
bird species due to variable wing range of motion, linkage
structures and overall geometry [17-19].

5. Conclusion

We investigated the potential benefits of gull-inspired joint-
driven wing morphing for future UAV applications. First,
we determined a set of simplified wing shapes across the
range of motion of the elbow and wrist used by gliding
gulls. Next, we used a numerical general lifting-line model
(MachUpX) validated with wind tunnel experiments to deter-
mine the longitudinal characteristics of the wing-body

configurations. Our results showed that wings with the high- [ 9 |

est load production had low wrist and high elbow angles and
were associated with wing tip wash-in. Additionally,
although the inherent response to an external disturbance
for all wing-body configurations was stable, we found that
a controllable horizontal tail or shoulder angle would be
necessary to successfully provide open-loop control. Impor-
tantly, we found that the elbow and wrist angle could
provide a reliable method to control the lift, pitching
moment and overall static margin but would not be sufficient
to control the zero-lift pitching moment alone.

Our study revealed that the two-dimensional morphing
space allowed by the elbow and wrist joints permits a wide
variety of flight control strategies. In particular, we identified
two trajectories that decoupled longitudinal static stability
and longitudinal load production. One trajectory (figure 44,
number 1) linearly adjusts static stability without affecting
the load production and the other (figure 44, number 3) line-
arly adjusts the lift and pitching moment without affecting
stability, in a manner similar to an aircraft flap that does
not change the wing area. Moreover, the identified linear
response is highly advantageous for a simplified controller
design. However, we found that a unique but similar trajec-
tory (figure 44, number 2) re-couples the loads and stability,
suggesting that precise control of the elbow and wrist
would be necessary to realize these aerodynamic benefits in
a UAV. Finally, the linkage trajectory (figure 4a, number 4)
afforded by the gull’s musculoskeletal linkage system yielded
the highest instantaneous control effectiveness of all our
investigated trajectories and represents a simple actuation tra-
jectory that can quickly adjust the longitudinal characteristics.
However, the load production and stability are highly
coupled for this trajectory and other control mechanisms
would be required to negate this effect. In all, investigation
of these unique trajectories highlights the multifunctional
capabilities of gull-inspired joint-driven wing morphing.

Despite the identified aerodynamic benefits of a joint-
driven morphing wing, a major challenge for any bioinspired
UAV is to design an efficient actuation mechanism that can
realize the proposed benefits in practice. In the past, a non-
planar wing design that was indirectly inspired by gulls, the
HECS wing (discussed in the Introduction) was shown to
yield minimal aerodynamic benefits when it was actively
morphed into its furled configuration [41] despite promising
rigid model results [20]. This emphasizes the multidisciplinary
challenges associated with effective morphing wing design.
Successful implementation of gull-inspired joint-driven
morphing wings will require detailed structural analyses,
flight tests and multidisciplinary investigations to determine
if the benefits identified within this study could effectively
and efficiently be realized in a morphing wing UAV.

Do the benefits provided by joint-driven wing morphing
outweigh engineered morphing wing designs? Our results
show that gull-inspired joint-driven wing morphing creates
a similar magnitude of control effectiveness as an equivalent
aircraft with a sweeping mechanism, but with the added
multifunctional capabilities permitted by the variable joint
extension trajectories. This is especially promising because
we found that a joint-driven morphing wing can produce a
similar aerodynamic response to traditional flaps but would
not be limited to this singular functionality. Combined with
future multidisciplinary investigations, we expect that gull-
inspired joint-driven wing morphing could provide a future
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generation of UAVs the unique ability to adapt on the fly by
morphing along the specific joint trajectory that realizes the
desired aerodynamic characteristics.
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