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Birds control their flight by morphing their wing and tail configurations
as they shift between steady glides and agile manoeuvres. Cadaveric
studies have shown that birds have the capacity to adopt both stable
and unstable configurations, but it remains unknown how birds exploit
this ability in flight. Here, we fill this gap by studying the progression
of wing and tail configurations of a free-gliding Harris’s hawk (Parabuteo
unicinctus) during a wing-tucking manoeuvre. Wind tunnel experiments
on three-dimensional-printed models revealed that tucked configurations
were statically stable, while spread configurations displayed a nonlinear
relationship between pitching moment and lift. This nonlinearity allows
configurations to be either stable or unstable depending on the lift
state, affording a previously under-explored source of flight performance
flexibility. Furthermore, we found that the hawk transitioned from an
unstable, spread configuration to a stable, tucked configuration as it
traversed the gap, shifting the effective static margin from —25% to 19%
of the reference chord. This notable stability shift suggests that adaptive
flight control allows transition between flight modes and offers insight
into flight conditions where shifting stability states may be relevant.
This outcome will advance novel bio-inspired, fixed-wing uncrewed aerial
vehicle designs capable of rapid transitions.

1. Introduction

Birds possess an inherently adaptable flight morphology that allows them to
respond to changing conditions and objectives. Not only can birds per-
form steady fixed-wing glides over long migrations [1] or transient darting
manoeuvres in pursuit of prey [2], but they are also capable of shifting
between these flight modes as the situation demands [3,4]. In part, this
adaptability is afforded by morphing, the ability to change the shape and
orientation of the wings and tail, which alters the aerodynamic performance
and stability characteristics of the flyer [5-7]. This allows birds to far exceed
the manoeuvrability of fixed-wing uncrewed aerial vehicles (UAVs) while
flying under similar conditions [8].

Recent fixed-wing UAV designs have sought to incorporate morphing
to enhance manoeuvrability or to negotiate gaps, though without careful
gain scheduling or expert manual compensation this can result in a notable
deterioration of the stability and control characteristics [9-13]. Therefore, with
growing interest in developing UAVs that can operate flexibly and adapta-
bly in cluttered urban environments, avian morphing flight can provide an
important source of bio-inspiration for future UAV design. However, the true
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extent of morphing that birds use in flight remains unquantified, limiting our understanding of when and how morphing is n
used to affect flight performance.

To address this, we investigated the range of morphing used in gliding flight during a simple, approximately symmetric
manoeuvre and quantified its consequences for static pitch stability. Longitudinal static stability refers to the initial pitching
tendency of a flyer that is disturbed from equilibrium. A flyer is said to be statically stable if its initial pitching response to
a perturbation returns the bird towards a balanced equilibrium state that generates positive lift, known as a trim state [6].
Although static stability neglects the subsequent time-history of the response, assessing the static stability of different configura-
tions nevertheless provides an informative first step towards a comprehensive understanding of avian stability because it is a
necessary condition for complete stability [5]. In this study, we isolated longitudinal stability (i.e. pitch) from lateral stability (i.e.
roll, yaw) to focus on pitch control, which critically affects altitude and stall [14]. Longitudinal static stability is often quantified
as the rate of change of the pitching moment with a change in angle of attack; however, it is challenging to appropriately define
the angle of attack across configurations of a morphologically complex, morphing bird wing. Instead, to ensure consistency and
because drag contributions are low, we use another common method to define longitudinal static stability: the pitch-stability
derivative, which quantifies the rate of change of the pitching moment with a change in lift [5,15].

Stability is an informative metric that describes the resistance to departing from an equilibrium state, whether due to external
disturbances or voluntary movements. As such, a more stable flight configuration is also less manoeuvrable [14,16]. Unstable
flight configurations instead exacerbate perturbations allowing manoeuvres to be achieved with reduced control effort. This
trade-off can therefore be adjusted to suit different flight contexts and aims; compare the design of unstable fighter aircraft to
that of stable commercial airliners. Both stable and unstable configurations could be effective in different avian flight contexts,
either by minimizing the active energy role of muscles in maintaining a specific pitch angle in stable configurations [17] or
allowing sharp manoeuvres in unstable configurations [6].

Unlike traditional aircraft, birds have the capacity to shift between stable and unstable states through morphing [16].
However, when, and even if, this shift occurs in avian flight remains unknown. This is in part because obtaining data that
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captures the variable geometries of birds through a biologically relevant range of motion is challenging. Morphing alters flight
dynamics through coupled changes to the spanwise sweep, dihedral and twist of the wings and tail that characterize avian
flight configurations [8,17]. As such, evaluating the stability envelope of an entire morphing range from in vivo avian flight is
necessary to better understand the ecology of birds and inform the design of next-generation fixed-wing UAVs. Advances in
modern motion capture methods make it possible to extract live-gliding flight configurations at high resolution to analyse and
ultimately quantify the stability characteristics that birds use in gliding flight.

Here, we quantified the range of morphing and longitudinal static stability of a live free-gliding Harris’s hawk (Parabuteo
unicinctus) performing a tucking manoeuvre. We labelled a Harris’s hawk individual with retroreflective markers and recorded
it gliding through a gap obstacle of varied widths, from 37 to 70 cm, in a series of flight trials (total trials, n = 28) (figure
1a). Using motion capture tools developed by the Oxford Flight Group [18-20], we isolated five flight configurations from a
flight trial at 37 cm gap size to maximize the range of in vivo morphing observed in flight, from a fully extended wingspan to
fully tucked. These configurations were reconstructed as three-dimensional models using biologically relevant aerofoils and a
symmetric body section based on the hawk’s morphology [21,22]. The flight configurations were then three-dimensional printed
in resin at 73% scale for aerodynamic evaluation in the University of California (UC) Davis Aeronautical Wind Tunnel. Each
configuration was mounted to a six-axis load cell to measure the lift and pitching moment produced across an angle of attack
range of —20° to 20° at three Reynolds numbers equivalent to those used in live flight (1, 1.25 and 1.5 x 10°). These data allowed
the calculation of the trim state and longitudinal static stability of each flight configuration to categorize whether they are stable
or unstable. This work presents the first quantification of avian stability across a range of morphing configurations used by a
gliding bird navigating a gap and provides evidence that a hawk can shift between stable and unstable states.

2. Material and methods

2.1. Invivo gliding wing configurations

We recorded the wing configurations adopted by one captive-bred Harris’s hawk individual performing a tucking manoeuvre
during free-gliding flight using a motion capture system. Flights were performed at the University of Oxford’s flight hall
(windowless hall measuring 20.2 m long by 6.1 m wide). The Harris’s hawk was recorded gliding in one direction between
two perches placed 14 m apart. We used positive reinforcement to motivate the bird to perform the flights by presenting a
small food reward on each perch. An intervening gap obstacle formed by two soft poles was placed 1.5 m ahead of the target
perch to elicit a wing tuck manoeuvre in gliding flight, a distance informed by previous work [18]. The gap width was varied
between 30, 37, 50 and 70 cm and multiple flights were performed for each width (1 = 15, 25, 15 and 10, respectively). Fifty-six
retroreflective markers were attached to feathers on the wings and tail to allow reconstruction of a flight configuration outline
in software (figure 1a) [18]. The marker accuracy was sub-millimetre across all recorded flights with the residual error mean of
0.665 mm and standard deviation of 0.333 mm aligning with previous experiments [20]. Data were post-processed to remove
flights where the bird contacted the pole or did not complete the full behaviour, as well as flights corrupted by erroneous
marker tracking data. All 30 cm flights did not satisfy these requirements and thus were removed from this study. Therefore, we
restricted the analysis to n = 28 trials (37 cm, n =10; 50 cm, n =11; and 70 cm, n =7).

The flights were recorded with 20 high-speed motion capture cameras (VICON Vantage 16) with a resolution of 4096 x 4096
px at 120 Hz in VICON Nexus 2.14 software. The three-dimensional marker coordinates for each frame were reconstructed
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Figure 1. A Harris’s hawk over-tucks for larger gap challenges. A Harris's hawk (a) was fitted with retroreflective markers at relevant physiological locations to provide
a wing and tail outline. The subject was recorded flying between two perches placed 14 m apart down the length of the Oxford Flight lab flight hall (b), with an
intervening gap obstacle of varying size (37, 50 or 70 cm) presented during the gliding phase to elicit a morphing response. Using motion capture software, the extent
of morphing was examined over the course of multiple trial flights (37 cm, n = 10; 50 cm, n = 11; and 70 cm, n = 7) from three-dimensional marker motion (c). An
interquartile range for each gap size challenge is shown to indicate a typical morphing range across the trials for each of these categories (37 cm, green; 50 cm, orange;
and 70 cm, blue). Five frames were selected from flight trial 11 (black line, 37 cm gap) to obtain flight configurations (planforms in grey) representing the maximum
range of morphing used in flight.

using a Python script to represent the distinct flight configurations adopted at each frame. We isolated five flight configurations
for three-dimensional modelling from flight trial 11 (gap width of 37 cm), where configuration 1 is the most extended configu-
ration and configuration 5 is the most tucked. This trial was selected as it captured a full range of morphing from maximum
to minimum wingspan with minimal marker occlusion (black line and configurations, figure 1b). The wingspan progression
observed in this trial lies outside the interquartile range of all trials at gap size 37 cm such that the configurations isolated
involve a greater degree of tucking than in other flight trials captured, allowing us to investigate the greatest range of flight
morphologies used by the hawk.

2.2. Model design and manufacture

Physical models of the five morphing flight configurations were generated in SolidWorks 2022 using the three-dimensional
motion capture data obtained from the 44 peripheral markers placed on the hawk’s wing and 12 peripheral markers placed
on the hawk’s tail. This work focused on an approximately symmetric manoeuvre, so we selected three-dimensional marker
coordinates from only one wing (22 markers) and one half of the tail (six markers). The three-dimensional marker coordinates
of one wing were joined with straight lines to define an outline, with the shoulder marker to 12th secondary feather (S12)
marker representing the wing root chord. For the two most tucked configurations, S9 was used rather than S12, as the S12
marker became occluded when the wing was tucked. The three-dimensional marker coordinates of the half tail were also joined
to obtain an outline, with one additional point added to represent the ‘tail base” where the tail attaches to the body section.
With this modelling approach, we estimated the discretized form of the twist, chord, sweep and dihedral distributions along
the span of the wing and tail at each of the considered five frames based on the tracked peripheral markers. Of note, these
discretized configurations are obtained from the in vivo flights ensuring that the configurations correspond to aerodynamically
loaded configurations.

We next lofted along the span to create the three-dimensional wing shape. This required that we select three aerofoils to
distribute along the wingspan to approximate the biologically relevant aerofoils. For the interior sections, we used two aerofoils
obtained from a high-resolution scan of a steppe eagle (Aquila nipalensis) wing in flight (at 35% span and 84% span) [21], which
is assumed to be appropriate as it is another raptor that is closely related to the Harris’s hawk. For the most distal wing sections,
we used a NACA 3603 aerofoil to approximate the distal feathers similar to a previous study [22]. The aerofoils assigned to
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Figure 2. Three-dimensional printing of select configurations allowed the experimental evaluation of stability characteristics. (a) Three-dimensional models of five
flight configurations across the morphing range were constructed from three-dimensional marker coordinates supplemented with biologically relevant aerofoil shapes
along the span [21,22]. The aerofoils, in order from wing tip to root, are: (i) NACA 3603; (ii) 35% span from a steppe eagle [21]; (iii) 84% span from a steppe eagle
[21]; and (iv) NACA0043. Half-span models of each configuration’s wing, body, and tail were constructed at 73% scale for evaluation in the UC Davis Aeronautical Wind
Tunnel. (b) The longitudinal static stability of each flight configuration was assessed through calculation of the pitch-stability derivative. Under certain assumptions
(refer to the electronic supplementary material, methods for details), this value can be used to calculate the static margin, a measure of distance between the position
of the centre of gravity (CG) and neutral point (NP). The static margin is inversely proportional to the rate of change of the coefficient of pitching moment (C,,) against
the coefficient of lift (C7), measured across the linear angle of attack range before stall. The static stability of each flight configuration can therefore be characterized
as neutral, stable or unstable, as well as whether it is possible (solid lines) or not (dashed lines) to achieve trim at useful lift (demarcated by the green point).

each segment were based on the locations of the skeletal joints (figure 2a). All aerofoils were linearly blended to create a smooth
wing surface, with the minimum thickness at the trailing edge increased to 0.8 mm to facilitate three-dimensional printing. The
tail was modelled as a flat plane generated by performing a principal component analysis (PCA) on only the tail and tail base
markers. This approach captures the dominant tail shape, and the flat-plate approximation provides a first-order estimate of the
aerodynamic characteristics observed in the wind tunnel experiment.

Wing and tail sections informed by in vivo data were attached to a standardized half-body formed from a NACA 0043
aerofoil based on Harris’s hawk body measurements (maximum length = 23 cm, maximum depth = 10.5 cm, maximum width
= 10.5 cm) [22]. The body and wing sections were connected with 0° incidence angle on the wing root chord by lofting the
inner edge of the wing aerofoil into a parallel aerofoil placed at the trailing edge of the body. This modelling assumption
captures feather cover at the trailing edge of the wing while minimizing interference drag between the wing and body. Finally,
a horizontal rectangular slot was added for tail attachment. The final models were compared in software against the original
marker three-dimensional locations as validation.

We three-dimensional printed the body-wing models at 73% scale in rigid plastic (xABS-3843) using a NEXA3D NXE400 Pro
resin printer and lightly sanded to smooth. The tail models were laser-cut from 0.1 inch flat acrylic at 73% scale. Each tail was
bent at the junction between the tail and the rectangular attachment slot to achieve the in vivo tail deflection angles used by each
configuration. Tails were fixed in place using super glue to form a rigid flight configuration model that did not deform under
aerodynamic loading.

Note that, due to their manner of construction, the evaluation of these models neglects effects of porosity, roughness and
flexibility and instead isolates the effects of morphing on longitudinal static stability. While we may expect flexibility to change
in flight, these three-dimensional models reproduce an instantaneous, discretized wing shape used in flight that captures the
nonlinear, coupled changes to the spanwise sweep, dihedral and twist of the wings. This complex morphology is likely to be
an important contributor to stability control [9,23]. Tail effectors are also captured through the tail’s span, surface area and
longitudinal dihedral [24].

2.3. Statistical analysis

We fit linear models to the pre-stall wind tunnel data with the coefficient of pitching moment as the response variable and
an explanatory term consisting of either first order (linear) or second order (quadratic) coefficient of lift. We report two-tailed
p-values with a significance level of 0.05, and the coefficient of determination (R?) for the linear model fit. When comparing
between linear and quadratic representations, we computed and reported the difference between the Akaike information
criterion (AIC) for each model as (DAIC), where a lower number indicates a better model fit.

2.4, Wind tunnel study

The three-dimensional-printed models were individually mounted in the UC Davis Aeronautical Wind Tunnel perpendicular
to the horizontal plane. A 0.25 inch acrylic splitter plate was used to form a reflection plane leaving a 0.25 inch gap between
the model and plate [25]. The models were mounted to the bottom of the wind tunnel on a six-axis load cell (ATI Mini40) that
sampled at 4 kHz for 10 s. Using a custom Python script, we performed a manual angle of attack sweep for all five models
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Figure 3. The hawk shifts from an unstable to stable configuration across the in vivo morphing range. (a) The coefficient of lift and pitching moment were measured
across angles of attack from —20° to 20° for each configuration. This full range is shown by the complete trace, and coloured regions indicate either: the linear lift
region pre-stall for configurations 3—5 or the approximate in vivo lift state for configurations 1-2 (see text for details). These relevant regions are coloured by the
effective static margin to visualize the configuration’s stability, from unstable (yellow) to stable (purple). At low lift values, all configurations showed a stable response
characterized by a negative slope. At high lift values, the more extended configurations (1 and 2) shifted towards an unstable response, demonstrated by change in
the slope. The large shift in the zero-lift pitching moment is in part associated with the configuration’s tail deflection angle (shown on the right-hand side). (b) The
effective static margin across the complete angle of attack sweep is indicated by a set of points to the left-hand side of each configuration with the same colour scheme
as panel a. This captures the shift between stable and unstable states for configurations 1and 2. The right-hand point shows the mean effective static margin of each
configuration across only relevant in vivo flight conditions (coloured points). Error bars represent the mean within-condition standard deviations for each measurement.

from 0° to 20°, 20° to —20° and -20° to 0° with increments of 1°. The force and moment data obtained from the experiment were
analysed to extract the coefficient of lift and pitching moment about the approximate centre of gravity (CG) (figure 3a). Each
model was evaluated at three Reynolds numbers (Re) ranging from 1.0 to 1.5 x 10° with increments of 2.5 x 10*. This range was
selected to reflect the flight speeds used by the Harris’s hawk individual during the flight tests. The Re during experiments was
consistent within + 1000. The non-dimensionalized results were not affected in this range of Re as demonstrated in electronic
supplementary material, figure S1. The results presented in the paper are at Re = 1.25 x 10°.

2.5. Centre of gravity sensitivity analysis

A critical assumption in the interpretation of our results is that the CG location of our model agrees with the actual CG of
the Harris’s hawk in flight. This assumption is based on previous work that quantified the uncertainty of CG location during
morphing [16] and from inferences based on a closely related species. Therefore, we performed a sensitivity study by adjusting
the CG between 20% of the body chord both fore and aft of the original estimated location. This study was informed by the
maximum uncertainty ranges found between individuals in Harvey ef al. [16]. Note that the variation of the CG associated
with wing morphing within an individual was found to be minimal and much less than shifts associated with inter-individual
differences. We found that even accounting for this large CG shift, the most spread configuration remained unstable and the
most tucked configuration remained stable within our recording error. This analysis provides confidence in our result that the
Harris’s hawk was shifting between stable and unstable states.

One difference under these assumptions is that balanced states would be achieved at high lift conditions for configuration 4
(unstable equilibria with positive lift generation, when CG shifted at least 10% aft) or low lift conditions for configurations 1 and
2 (stable equilibria with negative lift generation, when the CG is shifted at least 5% forwards). Accounting for CG uncertainty,
the observed configurations still suggest the use of active control in flight, but it remains possible that balanced flight is not
entirely absent from this captured manoeuvre. This analysis highlights the sensitivity to CG position and that further study is
necessary to explore the use of equilibrium states in bird flight.

3. Results and discussion

3.1. Manoeuvre behavioural insight

First, we flew a trained hawk with retroreflective markers placed on its wing and tail periphery through varied gap widths
(37, 50 and 70 cm) to investigate the extent of morphing used in response to this stimulus (figure 14,b). Wing closure as a
function of distance to the obstacle was found to be largely independent of gap size at the beginning of the tucking motion,
leading to the bird tucking its wings in further than required to pass the gap in the 70 cm condition (blue trace in figure 1c). At
approximately 50 cm away from the obstacle, the rest of the tucking motion diverges markedly depending on gap size, with the
bird either continuing to tuck (37 cm condition, green trace in figure 1c) or beginning extension of its wings (70 cm condition,
figure 1c, blue trace). Of note, while passing through the gap, the most tucked configuration was not guaranteed to occur.
The over-tucking behaviour noted for the 70 cm condition may allow the bird to account for gap size uncertainty on obstacle
approach; if the gap size of an obstacle were to suddenly decrease, this behaviour would allow the bird to continue tucking
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and navigate the obstacle unaffected. A future investigation into the behavioural significance of this wing tuck progression may [ 6 |
provide additional insight into the specific use of the configurations and possible control-based advantages.

Next, to study the stability of the wing configurations used during the manoeuvre, a flight trial from the minimum gap size
condition (37 cm, black trace in figure 1c) was selected for three-dimensional modelling. This decision allowed us to characterize
stability across the greatest tucking extent demonstrated by the individual, thus presenting the largest range of biologically
relevant morphing configurations with continually decreasing wingspan. The following results and conclusions focus on five
flight configurations isolated from this flight trial, where configuration 1 is the most extended and configuration 5 is the most
tucked (figure 1c).

3.2. Longitudinal stability and balance

Each of the five configurations was fabricated as half-models to be tested in the UC Davis Aeronautical Wind Tunnel (figure
2a, see methods for details). From these experiments, we measured and calculated the coefficient of lift (Ct) and the coefficient
of pitching moment (Cycg), resolved about the bird’s estimated CG (xcg). The coefficient of lift and pitching moment were
non-dimensionalized with reference to the upper wetted surface area of each individual flight configuration and the maximum
root chord length (c,, . ) across all configurations to permit comparisons to previous work (electronic supplementary material,
table S1). The CG location for the Harris’s hawk was estimated to be 0.672¢, based on previous measurements on a similarly
sized and closely related species, the Cooper’s hawk (Accipiter cooperii), and assumed to remain constant across morphing [16].
The sensitivity of our results to this assumption was evaluated (refer to §2 and electronic supplementary material, figure S2).

To quantify the static pitch stability of each configuration, we used the pitch-stability derivative (dCyicg/dCr), visualized
as the slope between Cyicc and Cp for each configuration (figure 2b) [5,16,22]. We limited our analysis of the pitch-stability
derivative to the pre-stall angle of attack range for each tested configuration (electronic supplementary material, figure S1).
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Based on the pitch-stability derivative, we can calculate another common metric: the static margin. The static margin is the
relative distance between the CG (xcc) and the neutral point (xnp), the location where the pitching moment of the configuration
is independent of the angle of attack [26]. For configurations undergoing small angles of attack and that have minimal
contributions of axial forces, the negative pitch-stability derivative defines the static margin as a proportion of ¢, [22]. Due to
the large dorsoventral offset in our configurations, in this work we do not directly translate the pitch-stability derivative to the
static margin (see electronic supplementary material, methods for details and validation). Instead, we convert to an ‘effective
static margin’ as

-3Cw, cG

= effective static margin (%)
oCL

Stable configurations will have a positive effective static margin, while unstable configurations will have a negative effective
static margin. Although this is not the true geometric static margin, it allows results to be compared across different aircraft
configurations.

We found that all five flight configurations were stable at low lift conditions, demonstrated by a negative pitch-stability
derivative. However, note that these low lift conditions do not necessarily provide sufficient weight support. For the most
tucked flight configurations (4 and 5 in figure 3a), the pitch-stability derivative relationship across the full lift range was
well modelled by a linear regression (configuration 4, p < 0.001, R* = 0.9891; configuration 5, p < 0.001, R* = 0.9991). These
configurations exhibited consistent stable responses across all tested lift values. However, at high lift conditions, the more
spread configurations (1, 2 and 3 in figure 31) showed an outsized effect of changing lift on pitching moment. In fact, flight
configurations 1 and 2 shifted to a positive pitch-stability derivative, indicating that the pitch stability becomes unstable at high
lift conditions. The slope of configuration 3 also becomes less negative but maintains a stable response at high lift.

We found that the pitch-stability derivatives of these more spread configurations were poorly modelled by a first-order
(linear) relationship (configuration 1, p = 0.401, R* = -0.009; configuration 2, p = 0.005, R* = 0.190; configuration 3, p < 0.001, R?
= 0.953). Instead, the configurations were better represented by a second-order (quadratic) model (configuration 1, p < 0.001, R*
= 0.9680, dAIC = -70.611; configuration 2, p < 0.001, R* = 0.9378, dAIC = -79.623; configuration 3, p < 0.001, R* = 0.9988, dAIC =
~114.116).

Our results indicate that the stability of configurations used by live gliding birds cannot be assumed to have a linear
relationship with lift in the pre-stall region, in contrast to fixed-wing UAVs. Traditional aerodynamic theory predicts a linear
relationship between Cp and Cycg in the pre-stall region because a change in lift should cause a consistent change in the
pitching moment when the distance between the NP and CG remains fixed. Instead, the quadratic relationship seen in the
spread configurations (1, 2 and 3) more closely resembles nonlinear relationships commonly observed in post-stall flight regions
of traditional aircraft.

In this case, there are multiple possible explanations for the observed nonlinearity. One possibility is that the large variation
in the twist of bird wings causes different wing sections to stall at different angles of attack, causing a shift in the location of
the NP as different sections stall. Given that the overall wing does not exhibit a significant loss of lift in the investigated region
(electronic supplementary material, figure S1), it is possible that the hawk’s wing twist distribution may serve to functionally
extend the operational angle of attack range. Another possibility is that at the low Reynolds numbers relevant to this gliding
flight, laminar separation bubbles may occur and shift the NP of the wing, similar to findings on aerofoils tested at Reynolds
numbers below 10° [27,28]. Finally, the nonlinearity may be caused by an outsized drag response associated with wing and tail
interaction effects that effectively shifts the NP. This is especially possible given that the tail is located at a shorter moment arm
than traditional aircraft [16]. Identifying the root cause of the nonlinear response associated with these configurations requires
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a thorough exploration of the pressure and velocity fields surrounding these wings through higher fidelity methods such as
particle image velocimetry (PIV) or computational fluid dynamics (CFD). Flight in such configurations would require an active
control system that could account for a state-dependent stability response of the flyer.

Next, we used the wind tunnel results to evaluate the stability of the in vivo flight configurations. First, we identified the
flight conditions associated with each configuration. For flight configurations 1 and 2, we estimated the in vivo angle of attack
from the forward flight speed and motion capture data, using markers placed on the right shoulder and 12th secondary feather
(512). In this calculation, we included a +1° angle of attack error to account for potential uncertainty introduced by the omission
of a constant body marker in our study. Configuration 1 and 2 were found to be gliding at an angle of attack of 4° to 6° and
-3° to -5°, respectively. Note that the angle of attack used by configuration 2 is at the edge of the defined linear lift region (-3°
to 13°) and is therefore marked with an asterisk (figure 3b). For flight configurations 3, 4 and 5, we were unable to quantify the
true in vivo angle of attack with confidence due to marker occlusion and an inconsistent flight path. However, the pitch-stability
derivative remains stable and approximately constant for these three configurations across the entire pre-stall lift range.

This analysis identified that stability shifts from a statically unstable state (configuration 1) to a stable state, with the mean
normalized effective static margin ranging from —25% to 19% (visualized by the right-hand points for each configuration
on figure 3b, where error bars indicate the mean within-condition standard deviations). Based on this analysis, we found
evidence to support the conclusions of previous raptor flight studies and theoretical predictions. The fully spread wing
configuration of the Harris’s hawk (configuration 1) was flying in a statically unstable state, in line with findings of a barn
owl in low-speed gliding flight [17]. The more tucked flight configurations adopted in response to the gap challenge were
progressively more stable as tucking increased (configurations 2-5). Given the predominately linear relationship and negative
pitch-stability derivative of configurations 3-5, we concluded that these configurations are statically stable over the linear lift
range.

This work therefore provides the first in vivo evidence that a Harris’s hawk can shift from unstable to stable flight via
morphing through a gap obstacle. In doing so, our results question the use of a ‘simple’ flight control system used by birds and
instead suggest that an adaptive control system would probably need to be employed to effectively maintain different stability
conditions and transition between them in flight [6,16]. Furthermore, the observed range of effective static margin shift aligns
with cadaver-based studies across a range of avian taxa, showing a comparable maximum effective static margin range to the
Harris’s hawk (-26.9% to 44.2%, see figure 4) [16].

However, of the five flight configurations evaluated, none could fly in an equilibrium state while producing positive lift, i.e.
there was no static trim state. This is because there were no positive lift values that yielded a pitching moment of zero for any
of the tested configurations (figure 2b). This finding supports previous studies that have found similar results [17,22], indicating
that birds may predominately use transient configurations without a trim state and instead use active muscular control to
maintain these states [29]. Note that the in vivo tail deflection angle (6;) used by the Harris’s hawk in each configuration
causes a greater constant nose-down pitching moment hence shifting the curves downwards (figure 31). While our findings do
not preclude the use of inherently stable passively controlled flight configurations in other species or different flight, it adds
substantiated evidence to the use of active control in flight [6]. To explore this possibility, future studies should consider the
complete dynamic stability without traditional linearized assumptions about a trim state.

Our work is only representative of the morphing configurations captured during this individual Harris’s hawk’s gliding,
tucking manoeuvre. Other manoeuvres may not involve such large stability shifts; for example, the static margin range in the
peregrine falcon, Falco peregrinus, calculated across three gliding configurations adopted with varying wingspan displayed a
more limited range of morphing and static margin shift (-40% to 27%) [30]. Furthermore, the current study focuses on the
role of overall static wing morphology in flight manoeuvres and does not capture the effects of flexibility or porosity in avian
wings, as these effects are expected to be secondary to the effects of wing shape. Reducing the recorded frames to fixed
three-dimensional-printed wing-tail configurations inherently assumes quasi-steady characteristics between the wing states.
This assumption is justified as we designed our study to ensure that the hawk glided through the gap, avoiding the cyclic,

89805707 167 el 205 Y7 ysy/eunolbiobunsyandiiapostefos [



unsteady forces associated with its flapping flight phases. Even with this focus, future morphing models and higher-fidelity
methods should explore the potential role of unsteady forces that occur between the different morphed states even within
gliding.

Altogether, our results provide evidence that a hawk shifts between stable and unstable flight configurations while travers-
ing a gap challenge. The unstable fully extended configuration may allow quick and easy control of the approach path, while
the stable tucked configurations may improve the ability to reject perturbations to the flight path while navigating a tight space,
such as if a feather was to contact a branch.

4. Conclusion

Here, we investigated the in vivo morphing used by a Harris’s hawk performing a tucking manoeuvre and quantified the
longitudinal static stability characteristics. We isolated five morphing configurations and characterized their stability profiles
using a wind tunnel study of three-dimensional-printed models. Our results revealed that the hawk shifted between unstable
and stable flight and that there was a nonlinear association between lift and pitching moment in the outstretched flight
configurations. These findings suggest a unique method to control manoeuvrability that could be tuned to different flight
conditions and emphasizes the need to quantify stability within the context of a desired manoeuvre to understand the applica-
tion of flight morphology to control. Within the context of the elicited tucking manoeuvre, the shift between unstable and
stable flight configurations throughout the manoeuvre suggests the use of a complex adaptive control system employed in
avian flight. However, we found that no configurations used were able to trim, suggesting that active control inputs must
constantly adjust the flight configuration during the execution of the tucking manoeuvre for the gap challenge. This work
reveals previously under-explored stability characteristics of avian flight with relevance to the design of operation-flexible and
adaptable fixed-wing UAVs that negotiate tight gaps. In summary, our stability characterization of a Harris’s hawk tucking
manoeuvre points towards the need to integrate across studies of aerodynamics, behaviour, morphology and neural control to
more wholly understand the control systems of birds [20,21].
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