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Gliding birds lack a vertical tail, yet they fly stably rudderless in turbulence without needing discrete flaps to steer.
In contrast, nearly all airplanes need vertical tails to damp Dutch roll oscillations and to control yaw. The few ex-
ceptions that lack a vertical tail either leverage differential drag-based yaw actuators or their fixed planforms are
carefully tuned for passively stable Dutch roll and proverse yaw. Biologists hypothesize that birds stabilize and
control gliding flight without rudders by using their wing and tail reflexes, but no rudderless airplane has a mor-
phing wing or tail that can change shape like a bird. Our rudderless biohybrid robot, PigeonBot Il, can damp its
Dutch roll instability (caused by lacking a vertical tail) and control flight by morphing its biomimetic wing and tail
reflexively like a bird. The bird-inspired adaptive reflexive controller was tuned in a wind tunnel to mitigate turbu-
lent perturbations, which enabled PigeonBot Il to fly autonomously in the atmosphere with pigeon-like poses.
This work is a mechanistic confirmation of how birds accomplish rudderless flight via reflex functions, and it can
inspire rudderless aircraft with reduced radar signature and increased efficacy.

INTRODUCTION

Unlike airplanes, birds can glide rudderless (1) by morphing the
shapes of their wings and tails continuously (2, 3). In contrast, air-
planes generally achieve longitudinal (pitch) stability with a hori-
zontal tail and lateral-directional (roll and yaw) stability with wing
dihedral and a vertical [or V-shaped (4)] tail that works like a weather-
cock (5) (pitch, roll, yaw: Fig. 1A). Similar to the early flight pioneers
(6), today’s pilots use horizontal tail elevators to pitch, wing ailerons
to roll, and vertical [or V (4)] tail rudders to yaw (5). Because pitch
can also be stabilized using wing sweep or reflexed camber airfoils,
horizontal tails are not essential and can be removed (7). However,
eliminating vertical tails poses several challenges. Although air-
craft wings with carefully tuned sweep can achieve weathercock sta-
bility without a vertical tail, birds can achieve this for any wing
sweep including nonswept wings, which suggests that they harness a
more versatile solution that is applicable to an exceptionally wide
range of (morphing) wing planforms. Further, airplanes need to
generate yaw moments to coordinate turns and reject yaw distur-
bances. A vertical tail rudder is the conventional solution, given that
it generates the required yaw moments with lift pointing sideways,
which is aerodynamically more efficient than using differential drag.
Notably, when a vertical tail is incorrectly sized on or removed from
an otherwise stable configuration, airplanes experience Dutch roll
instability, rolling and yawing approximately 90° out of phase, which
demands active yaw rate damping with a yaw actuator (5, 8). Conse-
quently, the rare airplanes that lack a vertical tail either use differ-
ential drag-based actuators (split flaps or differential spoilers) to
control yaw [like Horten (9) and the B2 (7)] or have specially tuned
wing geometries for passive static and dynamic lateral stability and
proverse yaw [like NASA’s Prandtl wing (10)]. In contrast, birds ap-
pear to achieve rudderless flight more efficiently and flexibly without
reliance on drag-based actuators and with a large diversity of wing
planforms and dihedral. Despite substantial advances made with nu-
merous designs, avian-inspired morphing wing and tail robots have
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struggled to demonstrate sustained autonomous flight without a ver-
tical tail (table S1). Unraveling how birds achieve this feat could in-
spire uncrewed autonomous vehicles and aircraft with increased
efficacy and reduced radar signature.

Gliding birds are thought to achieve stability and control by
combining wing and tail neuromuscular reflexes that mitigate dis-
turbances with intentional muscle-driven motions that control
flight (11). However, these reflexes have been studied in nonflying
birds (11-15), and reflexive and intentional control remains in-
distinguishable in vivo (11). Pigeons display remarkably consistent
reflexes when their trunk is rolled (longitudinal axis), pitched
(transversal), or yawed (dorsoventral) manually or with an appara-
tus (11, 16, 17). Notably, the reflexes are stronger when air is blown
on their breast’s mechanosensory filoplumes to simulate flight (17).
In 1929, Groebbels postulated that these reflexes enable birds “to
function as automatically controlled airplanes” (11, 18). Since then,
wing and tail reflexes have been aerodynamically interpreted to sta-
bilize flight (11-15, 17). Our aerodynamic simulation of pigeon
morphed wing (19) and tail (figs. S4 and S5) configurations and
other analyses (20, 21) support this. However, demonstrating a
reflex-based control scheme that can stabilize bird-inspired mor-
phing wing and tail configurations during sustained autonomous
flight without a vertical tail is an open challenge (table S1). The re-
flexive control hypothesis is contrasted by findings with fixed-wing
radio-controlled (RC) models that show that biomimetic wing di-
hedral combined with prominent wingtip slots offer sufficient pas-
sive stability to damp Dutch roll in soaring birds (22, 23). However,
in nature, soaring birds continuously morph their tail (24), and pi-
geons glide with a wide range of wing sweeps without prominent
wingtip slots (25), which suggests reflexive control for stabilizing
flight instabilities including Dutch roll.

In this article, we developed a biomimetic morphing wing and
tail robot model (PigeonBot II) to test the biological hypothesis that
birds can automatically control and stabilize their flight with mor-
phing wing and tail reflexes and to create a flight-demonstrated en-
gineering model that shows how robots can accomplish rudderless
flight by harnessing autonomous reflexive morphing. We first estab-
lished that pigeon-like rudderless planforms are Dutch roll unsta-
ble (Fig. 2 and movie S2). By tuning our bird-inspired reflexive
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Fig. 1. PigeonBot Il morphs its wing and tail reflexively to fly rudderless autonomously. (A) Biomimetic skeleton and connective elastic ligaments underactuate the
wing’s 40 remiges with four servomotors (two wrists and two second digits) and the tail’s 12 feathers with five servomotors (movie S3). Scale bars, 100 mm. (B) Wing and
tail can be arbitrarily morphed; shown here are three typical pigeon postures during gliding (green) with the wing and tail approximately proportionally morphed from
spread to middle to tucked (25). Scale bar, 100 mm for PigeonBot Il photos. (C) Avatars illustrate the six controlled tail and wing morphing DOFs used in this study.
(D) Reflexive control loop for autonomous controlled flight in the atmosphere based on sensor fusion-based body angle and angular rate feedback: Pitch is controlled
with tail elevation; roll is controlled with wing asymmetry, tail tilt, and lateral deviation; and the yaw rate is damped with tail tilt (movie S4). To navigate the robot, the
teleoperator inputs an airspeed setpoint and either high-level roll and pitch setpoints via radio or switches to autonomous circling setpoints. The autopilot then computes
conventional roll, pitch, and yaw commands with PID control. Next, a microcontroller adapts the output with fitted gains tuned for all morphing wing and tail permuta-
tions (spread, middle, and tucked). Last, the roll command is mixed [Kasymm, Kdew Kitd = [1, 2, %] and mapped to the servomotors to reflexively morph the wing and tail.

controller (Fig. 1D) in a virtual flight-testing setup in a wind tun-
nel, we found that appropriate mixing of wing asymmetry, tail tilt,
and tail lateral deviation in response to roll perturbations maxi-
mizes roll tracking (Figs. 2 and 3) and stability in turbulence (Fig. 4)
across wing and tail spread permutations. Using the reflexive con-
troller tuned in the wind tunnel, we tested PigeonBot II during
autonomous atmospheric flights to demonstrate robust flight sta-
bilization and navigation at near-proportional wing and tail spread
morphing combinations (Fig. 5 and movie S7). This work confirms
how birds can accomplish rudderless flight via reflex functions, and
it can inspire rudderless aircraft with reduced radar signature and
increased efficacy.

Chang et al., Sci. Robot. 9, eado4535 (2024) 20 November 2024

RESULTS

Bird-inspired reflexive tail morphing alone is insufficient

To dynamically test whether reflexive tail morphing alone could
suppress Dutch roll in flight, we first developed a biohybrid “TailBot.”
TailBot features an intermediately spread pigeon wing planform
made from foamboard with dihedral, combined with a tail with
12 elastically connected pigeon feathers that can be actively furled
and unfurled symmetrically (and optionally asymmetrically), ele-
vated and depressed, tilted to either side, and moved laterally left or
right (movie S1 and figs. S1 and S2). Among these five degrees of
freedom (DOFs), tail tilt stands out because it generates yaw torque
[figs. S4 and S5 (20, 21)], which we confirmed with measurements
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Fig. 2. Reflexive wing and tail morphing damps Dutch roll sufficiently. (A and B) We mounted PigeonBot Il on a ball bearing to roll, pitch, and yaw freely in the wind
tunnel with tail elevation set to passively stabilize pitch at the cruise AoA. Shown are the angular dynamics after release from its symmetric cruise position using the final
autonomous flight mixer values [Kasymm, Kaew Ktitd = [1, 2, ¥4]. The open-loop (black) case shows that the biomimetic wing dihedral and biohybrid tip slots damp Dutch roll
insufficiently, which a vertical tail can resolve (movie S2). Adding aircraft-inspired yaw damping (yellow) reduces oscillation but still diverges like spiral divergence in air-
planes (5, 8). Adding full (yaw damper + roll control) reflexive control (blue) damps Dutch roll instability sufficiently. The yaw-roll phase space plots (B) show that reflexive
yaw and roll control (blue) suffice for all but the middle-wing tucked-tail morph case. The full control residual is mostly roll (yaw axis stretched three times). (C) Time to
double amplitude is mitigated with full (blue) control. (D) Phase differences between roll and yaw center around 90° and correspond to the Dutch roll residual. [(C) and
(D)] Distributions pooled across all nine morphs and three AoAs; incomputable phase differences not shown.

from TailBot’s inertial measurement unit (IMU). We chose to use  conventional horizontal and vertical tail to control pitch and yaw
real pigeon feathers for TailBot, similar to our previous biohybrid  (19). PigeonBot II (Fig. 1, A and B) combines wing and tail morph-
morphing wing work, because of flight feathers abilities to direc- ing (Fig. 1C) to fully replace conventional airplane control (movie
tionally fasten even when perturbed with turbulence (3). In addi-  S3; for design, see Materials and Methods). Its 52 pigeon flight feath-
tion, feathers provide favorable elastic stiffness-dominated dynamics,  ers rotate to morph continuously when underactuated by nine ser-
soft edges that continuously slide and aerodynamically close the = vomotors. The total in-flight mass of PigeonBot II is ~300 g, on par
morphing surface, and the ability to be easily repaired by preening  with pigeons. Its nonbiomimetic propulsion, two small propellers
them by hand (19). We considered artificial feathers made from mounted on each wrist, enables it to ascend, cruise, circle, and de-
fiber-reinforced composites (26, 27) and three-dimensional (3D) scend teleoperated in different pigeon gliding poses (motors re-
printing, but none of these exhibited the favorable characteristics moved during wind tunnel experiments; fig. $3). We selected a PID
[such as probabilistic fastening (28) and the unusual softness and  control scheme for our reflexive control loop (Fig. 1D) to have a well-
lightness] offered by real feathers. Airplane theory shows that Dutch ~ substantiated minimal model that mimics pigeon reflexes that are
roll can be controlled by the damping yaw rate (5, 8), so we pro-  observed to respond proportionally to angular perturbations in ac-
grammed TailBot to damp changes in its body yaw rate by adjusting  cordance with the putative PID-like sensorimotor attitude control
its tail tilt reflexively (figs. S4 and S5). Virtual flight experiments with  loop developed for bird flight by Bilo (11). To do so, we incorporated
TailBot mounted on a three-DOF ball bearing (free roll, pitch, and  combined roll-induced wing asymmetry (11) and tail deviation (17)
yaw; translations locked, see the Supplementary Methods) in our  (including tail tilt for robustness), as well as pitch-induced tail eleva-
wind tunnel (29) confirmed Dutch roll instability as soon as its back-  tion (11, 17) [excluding wing (11) and tail (16) spread for simplici-
up vertical tail was retracted (movie S2). Reflexive tail tilt effectively ~ ty]. Pigeon reflex recordings show a near-zero tail tilt response to
damped Dutch roll. Maintaining symmetric flight conditions re-  yaw angle (17), so we set the yaw angle proportional control gain Kp
quired combining it with proportional, integral, and derivative (PID)  and integral control gain K] to zero. We implemented only yaw angle
roll error control mapped to tail tilt and tail deviation and pitch PID  derivative control (Kp) so that PigeonBot II's (and TailBot’s) tail
control mapped to tail elevation. Combined, they mitigated aileron-  tilt reflex responded directly to the yaw rate, enabling it to damp
induced roll perturbations during virtual flight using only tail tilt, Dutch roll (movies S2 and S5). Although an experiment demon-
deviation, and elevation. However, TailBot’s atmospheric flights in-  strating a yaw rate damping reflex in vivo has yet to be performed,
cluded large roll oscillations (movie S2) and crashes due to limited  observations of tail tilt in maneuvering birds (24) and TailBot and

tail roll control authority. PigeonBot II wind tunnel experiments suggest that tail tilt func-

tions as a yaw rate—induced reflex in birds. To implement our pigeon-
PigeonBot II: Biohybrid wing and tail morphing robot with inspired autonomous reflexive control (movie S4) in atmospheric
reflexive control flights, we augmented a conventional autopilot by first multiplying

To mitigate TailBot’s large roll oscillations during atmospheric flight,  the pitch, roll, and yaw outputs with our adaptive gain scheduler. It
we incorporated our articulated PigeonBot morphing wing design.  fits gains tuned in the wind tunnel as second-order polynomial mod-
It includes pigeon wingtip slots and a wing dihedral (19) that should  els (Materials and Methods) across all three-by-three wing and tail
aid in damping Dutch roll (22, 23). Our previous PigeonBot demon-  morphing posture (spread, middle, tucked) and three angle-of-attack
strated asymmetric wing morphing to control roll but still used a  (AoA; cruise, cruise 43°, cruise —3°) combinations. Next, the control
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Fig. 3. Coordinated roll requires mixing wing asymmetry with substantial tail
tilt and deviation. (A) During tracking of a sinusoidal roll command in the middle-
middle morph cruise case, maximal cross (x) correlation (i) and minimal phase lag
(ii) are accomplished by mixing wing asymmetry (Kasymm = 1) with high tail tilt (Kiii)
and/or deviation (Kgey). Tracking deteriorates beyond 1 Hz. For all subsequent tests,
we mixed wing asymmetry, Kasymm = 1, with tail tilt, Ky = 0.25, and deviation,
Kgev = 2 (denoted by the white box), which tracks the roll angle most robustly.
(B) Bode plots show that PigeonBot II's servo-actuated control roll-off occurs be-
yond 1 Hz (—180° phase error), which enables the effective bandwidth of the con-
troller to overlap with most of the measured (residual) Dutch roll frequencies (circles;
cruise, cruise +3°, and cruise —3° data pooled) and simulated three-DOF rotational
(as in virtual flight testing) and six-DOF rotational and translational (as in free flight)
Dutch roll frequencies. (C) Near-proportional wing-tail morphing combinations
(diagonal) track sinusoidal roll well (averaged across frequencies of <1 Hz) around
(£3°) trimmed cruise AoAs (n/a: not tested, tail volume too small to trim cruise +3°).

commands are mixed to embody coupled pigeon reflexes: Roll is
mixed to actuate wing asymmetry (Kyymm), tail lateral deviation
(Kdev), and tail tilt (Kiy); the pitch command only actuates tail eleva-
tion; and the yaw command only actuates tail tilt. Last, the com-
mands are mapped to change the angle of the nine servomotors that
morph PigeonBot IL

Reflexive wing asymmetry mixed with tail tilt and deviation
damps Dutch roll

Virtual flight tests with PigeonBot II in the wind tunnel (movie S5
and fig. S6) show unstable dynamics when operated open loop
(without active control) and when using airplane-inspired yaw

Chang et al., Sci. Robot. 9, eado4535 (2024) 20 November 2024
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Fig. 4. Turbulence intensity bounds closed-loop rudderless flight control. Tur-
bulence intensity was controlled by our turbulence generation system (29, 47) and
ranged from 3 to 21%. (A) Wind tunnel turbulence intensity boundaries at which
PigeonBot Il (with pitch passively stabilized) can no longer mitigate roll and yaw
divergence with closed-loop reflexive control (movie S6). All experiments started
at symmetric cruise conditions with steady-level cruise setpoints perturbed by tur-
bulence. See the “Statistical analysis” section in Materials and Methods for details
on calculating the SD. (B) Near-proportional wing-tail morphing combinations
(diagonal) mitigate turbulence well (n/a: not tested, tail volume too small to trim
cruise +3°).

damping, which results in spiral-like divergence (Fig. 2, A and B)
(5, 8). To evaluate whether our three-DOF wind tunnel setup could
reasonably capture the same stability dynamics expected during
outdoor six-DOF flight, we compared simulated six-DOF versus
three-DOF dynamics for each of PigeonBot II's three-by-three wing
and tail morph configurations (see Supplementary Methods). Our
simulations show that the three-DOF virtual flight test setup in the
wind tunnel (free pitch, roll, and yaw with locked translational mo-
tion) reasonably approximates Dutch roll dynamics during full six-
DOF free flight (fig. S7). The linearized Dutch roll equations show
an average difference (six DOFs versus three DOFs) in Dutch roll
frequency of 13% and a time-to-double amplitude of 11% (fig. S8).
Therefore, the recorded dynamics of PigeonBot II during three-
DOF virtual flight testing sufficiently represent the same Dutch roll
characteristics as in six-DOF free flight for tuning the autonomous
reflexive control loop without crashing the robot. This approach
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Fig. 5. PigeonBot Il flies autonomously with reflexive wing and tail morphing.
PigeonBot Il reflexively morphs autonomously to attain high-level navigation roll
and pitch setpoints received by radio (teleoperated) or from its fixed-radius circling
setpoints (movie S7). The teleoperator manually sets the wing and tail morph con-
figurations. (A) Autonomous reflexive flight control commences with take-off
teleoperated in middle-middle morph. When cruise conditions are reached, its au-
tonomous circling performance is assessed for the different morph permutations
(spread, middle, and tucked). It lands again teleoperated in middle-middle morph.
Shown is the autonomous flight sequence from take-off to landing (black) including
circle tests (iii) to (vi) (colored tracks; copies are projected above the flight track for
perusal) with autonomous segments before and after circling. (B) Autonomous cir-
cling segments, tests commenced as numbered (i) to (viii). The middle-tucked morph
case (v) was aborted early because of insufficient pitch authority causing PigeonBot
Il to descend rapidly and gain speed beyond its tuned airspeed range. The tucked-
tucked morph case (viii), which could not be trimmed at a cruise angle +3° in the
wind tunnel, spiraled into a nosedive crash that concluded flight testing. The tucked-
middle morph test case (vii) shows that a larger tail volume is sufficient for stabiliz-
ing PigeonBot Il with tucked wings during circling. (C) Commanded circling radius
tracking performance is reasonable across all tested morph combinations (bars
show the mean circle radius, and error bars show the SD of the circle radius for each
flight segment as defined in Materials and Methods). Avatars indicate the wing/tail
area ratios that pigeons approximately adopt during gliding (25).

Chang et al., Sci. Robot. 9, eado4535 (2024) 20 November 2024

resolved unstable open-loop Dutch roll in the wind tunnel by imple-
menting closed-loop reflexive morphing control with appropriate
mixing gains tuned for each individual morph case (fig. S9), which
reduces the time-to-double roll/yaw amplitude by more than an or-
der of magnitude (Fig. 2C). It also reduces the Dutch roll root mean
square (RMS) amplitude (with roll-yaw phase differences centered
around 90°) to a manageable residual (Fig. 2D), as in airplanes (8).
To determine these wing and tail morphing mixing gains, we as-
sessed the roll tracking performance for a 15° sinusoidal (left-right)
roll command across a 10-fold frequency range (Fig. 3A and fig.
$10). We found that commanding only wing asymmetry [Kgey,
K] = [0, 0] fails tracking at all frequencies (Fig. 3A). Mixing only
tail tilt (Kgqey = 0) or lateral deviation (Kij; = 0) with wing asymme-
try (Kasymm = 1) fails up to intermediate gains and, thus, requires
either high Ky or Kgey gains. Mixing tail tilt and deviation com-
bined with wing asymmetry tracks roll more robustly. We thus se-
lected gains that leverage all three DOFs in our reflex mixer (Fig.
1D): [Kasymm»> Kdev» Kiitl] = [1, 2, %4] (white box, Fig. 3A). The reflex-
ive roll tracking performance is robust at or below 1 Hz (Fig. 3, A
and B), which enables the bandwidth of the controller to overlap
with the measured Dutch roll frequencies (Fig. 3B). Previous tests
with this wing show that the controller bandwidth is limited by
microservomotor saturation (19); roll control is thus marginal and
wing actuator limited. Regardless, PigeonBot II sufficiently tracks
sinusoidal roll across wing and tail morph combinations for all three
AoAs (cruise, cruise +3°, cruise —3°; Fig. 3C).

Mixed wing and tail reflexes are robust to moderate
turbulence intensity

PigeonBot IT’s reflexive controller gains are robust to moderate tur-
bulence intensities across morph configurations (Fig. 4A). Notably,
pigeon-like proportional morphed wing and tail configurations
(Fig. 1B) performed consistently up to ~12% turbulence intensity
(movie S6 and fig. S12). Across all experiments, the roll standard
deviation (SD) reached the highest values when perturbed by tur-
bulence, consistent with wing servomotor saturation (19). Com-
paring turbulence robustness across all three-by-three wing and
tail morph combinations for three trimmed AoAs (cruise, cruise
+3°, cruise —3°; Fig. 4B), we found that proportional wing and tail
configurations are robust. As in the roll tracking test (Fig. 3C), the
proportional tucked-tucked configuration could not be trimmed
at the cruise +3° AoA. In contrast, the middle-tucked and tucked-
middle configurations were trimmable at +3°, suggesting that these
configurations should be more robust. However, the wind tunnel
tests of TailBot (movie S2) did not fully predict atmospheric flight
performance.

Reflexive morphing enables autonomous rudderless flight

PigeonBot II's atmospheric flight tests show that its autonomous re-
flexive controller enables a teleoperator to take off, cruise, and land
in proportional (diagonal) and approximately proportional (near-
diagonal) wing and tail morph configurations on the basis of high-
level roll and pitch setpoints (Fig. 5A, fig. S17, and movie S7). All
flight phases required and demonstrated fully autonomous reflexive
control. Autonomous circling was satisfactory in all cases except
middle-wing tucked-tail, which descends too fast, and tucked-wing
tucked-tail, which spirals down after initiating autonomous circling,
due to insufficient pitch authority (Figs. 3C and 4B and figs. S13 and
S14). Successful autonomous circling of the tucked wing combined
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with the middle tail morph confirms that a larger tail volume re-
solves the instability (Fig. 5B and fig. S15). Compared with a pigeon,
the tucked-tail area of PigeonBot II is proportionally too small com-
pared with its tucked wing because its wing lacks the biomimetic
humerus and patagium needed to tuck further (19), whereas its tail
is tucked more than a pigeon tail (fig. S16A). Given that pigeons
adopt approximately proportional wing and tail morph combina-
tions during gliding Fig. 1B (25), we did not further test the ex-
tremely disproportional morphed configurations (spread-tucked,
tucked-spread). By comparing the target and achieved autonomous
circling radii (Fig. 5B) and roll angles (figs. S13 to S15 and S17), we
concluded that servomotor roll-off (Fig. 3, A and B) limits both the
controllability and accuracy of reflexive morphing flight control.
Nevertheless, the rudderless flights of PigeonBot II show that its au-
tonomous reflexive morphing control loop is effective despite its
near-saturated wing actuators. Future robots could probably auto-
matically recover from the control authority loss observed in the
tucked-tucked circling experiment by reflexively returning to the
robust middle-middle morph (Fig. 5, A and B), just as pigeons re-
spond to pitching down motions with forward wing-sweep (11) and
tail spread reflexes (16). This is supported by our successful teleop-
erated recovery of the diving middle-wing tucked-tail morph (Fig.
5, A and B) by switching it back to the middle-tail morph. Birds thus
not only sweep their wings to improve glide performance (30), but
also maintain flight control by covarying tail spread [(25), fig. S16].

DISCUSSION

Inspired by how birds glide stably in turbulence without a vertical
tail, we developed PigeonBot II with 52 underactuated wing and tail
feathers to find and validate a minimal mechanistic model for rud-
derless flight on the basis of reflexive morphing control. We estab-
lished that pigeon-like planforms are Dutch roll unstable when they
do not have a vertical tail (movie S2 and fig. S7). Applying reflexive
tail tilt resolved Dutch roll in virtual flight testing on a ball bearing
in the wind tunnel but was insufficient for stable flights in the atmo-
sphere. We therefore added reflexive wing morphing and found that
appropriate mixing of wing asymmetry, tail tilt, and tail lateral de-
viation maximizes roll tracking performance across wing and tail
spread permutations (Figs. 2 and 3). By adding turbulence in the
wind tunnel, this control scheme enabled stable flight up to 12%
turbulence intensity at near-proportional wing and tail spread mor-
phing combinations (Fig. 4). Last, we conducted untethered atmo-
spheric flights to demonstrate that this autonomous reflexive control
scheme achieves flight attitude stabilization and enables fully au-
tonomous circling flight navigation for a variety of wing and tail
poses (Fig. 5). Our roll tracking, turbulence, and atmospheric flight
tests demonstrated that our reflexive control strategy was most ro-
bust at near-proportional wing and tail spread morphing combina-
tions. This helps explain the observed behavioral envelope of pigeons
preferring to glide with approximately proportionally morphed wings
and tails (avoiding disproportional morphing like spread wings with
tucked tails and vice versa; fig. S16) (25).

Our wind tunnel and atmospheric flight experiments with
PigeonBot II corroborate the functional interpretation of reflexes
studied in nonflying birds (11, 13-15, 17, 31) and support Groebbels’s
hypothesis that reflexes enable automatically controlled flight in
birds (18). The bird-inspired reflexive control loop also suggests a
key role for bird tail tilt in damping yaw rate. Whereas previous tail
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tilt reflex experiments in pigeons only tested yaw angle and found
no reflex gain (17), we hypothesized that the yaw rate will show re-
flex gain. In addition, our test outcomes challenged the idea that
soaring birds damp Dutch roll solely passively by combining wing
dihedral with wingtip slots (22, 23). New biohybrid robots embody-
ing the diversity in bird aeromechanic parameters (32) could un-
ravel this. Further, integrating a central pattern generator to model
intentional control (11) can enable distinguishing reflex and inten-
tional flight control performance (33).

The bird-inspired control principles can also inform the design
of rudderless airplanes with minimal radar signature and elevated
maneuverability and efficiency (20, 34); they should mix tail tilt with
aileron actuation and, when structurally feasible, tail deviation. Pre-
vious examples of rudderless airplanes required drag-based active
directional control systems and/or carefully designed planforms
with wing sweep, twist, and a dihedral tuned to favorable lateral sta-
bility characteristics and proverse yaw (10, 35, 36). In contrast, our
bird-inspired reflexive control method can be applied to a much
broader range of morphing wing and tail planforms, which opens
the potential to improve efficiency and maneuverability while si-
multaneously decreasing the radar cross section. For instance, wing
sweep and twist required for passive stability can be reduced with a
larger tail control surface for equivalent drag, and vertical tail drag
[as in conventional aircraft (5, 7, 8)] and drag-based yaw control
such as split flaps [as in flying wings (7)] can be eliminated entirely.
More involved rudderless flight stabilization methods such as active
wing flapping (37) or variable wing dihedral (38) are less practical at
the scale of airplanes.

In this work, we designed our reflexive feedback loops as basic
PID control loops with gain scheduling and mixed wing and tail
morphing in response to IMU feedback (Fig. 1D), which enabled
fast tuning, a rich variety of experimental variations, and a tractable
path to atmospheric flights while still being representative of neuro-
science observations of proportional pigeon reflexes (11, 16, 17).
More advanced control techniques, such as nonlinear model-based
and optimal control (39) could unleash further maneuverability and
disturbance rejection performance gains for future rudderless flight
vehicles. Modern control techniques such as artificial, or even spik-
ing, neural networks could enable model-free control approaches
that more closely mimic biological processing (40) and augment our
reflexive control approach with a greater diversity of sensing. These
controllers may be well positioned for integrating other sensing mo-
dalities, such as bird-inspired distributed air flow sensors mimick-
ing filoplumes (17) to actively avoid stall. Last, innovation is needed
to develop new micro actuators on par with bird muscles (41, 42)
that control morphing at 10-fold higher frequencies than Dutch roll
for exceptional rudderless morphing flight control.

MATERIALS AND METHODS

TailBot design and fabrication

TailBot’s tail morphing mechanism used five Dymond D47 servo-
motors to actuate 12 pigeon (Columba livia) tail feathers. Pigeon tail
feathers (left and right R1-R6) were used in their corresponding lo-
cations in the robot mechanisms. We used a combination of push-
rods (for elevation, 0.9-mm music wire), a push-pull Bowden cable
(for spread and lateral deviation, 0.30-mm music wire) in polytetra-
fluoroethylene tubing (0.31-mm internal diameter), and a torque
tube (for tail tilt, 4-mm carbon fiber tube) to actuate the feathers
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while keeping the mass close to the center of gravity (CG). One ser-
vo actuated each outermost feather to accomplish spread (two to-
tal), so although asymmetric spread was possible, we maintained
symmetric spread angles for this study. As in (19), feathers were
mounted in rotational pin joints and connected to each other with
tuned rubber bands (Prairie Horse Supply orthodontic elastics;
one-quarter—inch medium and light force). Medium versus light
force bands were tuned as needed to obtain an even distribution of
feather angles as observed in pigeon tails (fig. S2). Figure S1 shows a
close-up photo of the tail mechanism, showing how each DOF is
transferred to the feathered planform via a universal joint.

PigeonBot Il design and fabrication

PigeonBot II combines the biohybrid morphing wing from our pre-
vious work (19) with the TailBot morphing tail. Feathers used for
PigeonBot II were collected from king pigeon (Columba livia) cadav-
ers purchased from Carpenter Squab Ranch in Ventura, California
and Squab Producers of California from Modesto, California. The
robot’s feather assembly was composed of feathers from three sim-
ilarly sized individuals. Secondary feathers S1 to S10 and primary
feathers P1 to P7 were sourced from individual A, primary feathers
P8 to P10 were from individual B, and all tail feathers were from indi-
vidual C. We placed the most forward point of the tail at the wing root
trailing edge to match pigeon anatomy (25). We made minor design
updates to the wing from (19), which consisted of updating the wrist
servomotors to slightly higher torque motors (Dymond D47), print-
in-place (EOS PA 2200 Balance 1.0) wing ribs instead of balsa ribs,
and symmetric motor mounts near the wing wrist joints for propul-
sion. We coupled the wrist and finger motion for this study as de-
scribed in (19). For the wind tunnel experiments, we covered the
motor mounts with 3D-printed nacelles (Ultimaker Tough PLA) for
minimal aerodynamic impact on the wings. For atmospheric flights,
we installed counterrotating motors and 76-mm propellers (Grem-
lin 1106 4500kV and Gemfan 3035BN). The robot avionics and au-
topilot hardware were identical to (19) with the addition of a Teensy
4.0 Arduino as the gain scheduler and servo mixer (Fig. 1D; referred
to as microcontroller). The PixRacer was updated to run ArduPilot
Plane v3.9.5.

For the three-by-three wing and tail morphing postures (spread,
middle, and tucked) used throughout this study, we defined the
wing spread, middle, and tucked angles (biomimetic right carpo-
metacarpus to left carpometacarpus bones) as 170°, 130°, and 90°,
respectively, and the tail spread, middle, and tucked angles (outer-
most to outermost feathers) as 146°, 88°, and 30°, respectively
(fig. S18).

We determined where to place the CG by overlaying a scaled top-
down planform of PigeonBot II to fit the morphologically similar
published stock dove (Columba oenas) outline with known CG from
(43). According to the scaled outcome for PigeonBot II, we then
placed the CG and rotational joint throughout this study at 24 mm
behind the wing root leading edge.

Wind tunnel (virtual flight) control loop design, testing,

and tuning

We performed the wind tunnel experiments in our 1 m-by-0.82 m-
by-1.73 m test section with an active turbulence grid upstream (29).
We removed the top and bottom panels of the test section for
mounting and access convenience. We calibrated the fan speed and
active turbulence grid setpoints with a 3D ultrasonic anemometer
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(Campbell CSAT3B, 100-Hz sampling). All wind tunnel results in
this study were at an airspeed of 10 m/s, a value chosen to simplify
this study’s number of experimental variables to just one speed,
within the range of gliding pigeon speeds (25), and consistent with
the cruise speeds found in our previous robotic pigeon studies
(3, 19). Unless otherwise indicated (such as the turbulence manipu-
lation experiment; Fig. 4), the turbulence level was calibrated to 3%
turbulence intensity. We mounted PigeonBot II in the wind tunnel
via a sting extending from the top of the test section that attaches to
the robot with a spherical joint (DU-BRO 2-56 threaded ball link)
located at the robot CG to perform our virtual flight experiments.

We configured the control system for wind tunnel virtual flight
testing as shown in fig. S6. We used the PixRacer for sensor fusion,
its yaw rate controller (also known as the yaw damper), and its roll
PID controller. We took the yaw and roll outputs from the PixRacer
and multiplied them with mixing constants (K, Kdev» and Kagymm)
on the Teensy 4.0 to map to morphing servo commands.

We determined the tail elevation angles for cruise AoA settings
for each three-by-three wing and tail morphing posture permuta-
tion by experimentally setting a constant tail elevation angle until
the robot felt weightless in the hand in the wind tunnel and could be
let go for brief moments without climbing or descending. We then
recorded these cruise AoAs (table S2) and experimentally found tail
elevation angles (testing different servo commands in ps) that would
passively enable us to achieve the three AoA setpoints: cruise, cruise
+3°, and cruise —3° (fig. S9). We locked the tail elevation to its pre-
determined setting from this procedure during wind tunnel experi-
ments, resulting in passive pitch stability, to eliminate confounding
pitch control effects in our analysis. For the tucked wing with tucked
tail case, we could not trim the AoA to a cruise angle +3° at max tail
elevation, so we omitted those trials from our test schedule.

In our wind tunnel experiment, we established minimal control
requirements for rudderless flight by comparing open-loop yaw and
roll control, like fixed-wing RC bird models; closed-loop yaw damp-
ing (Kp), like conventional airplanes compensating for insufficient
weathercock stability; and closed-loop yaw damping (Kp) and full
roll (Kp, Kj, Kp) control with our pigeon-inspired reflexive roll and
yaw control loop (fig. S6). To determine the PID roll control and yaw
damper gains for each wind tunnel experimental variation, we started
with all gains zeroed such that all actuator movement was locked
and centered. First, with no control, we tuned the yaw damper by
increasing Kp until we observed oscillations, after which we halved
the value to obtain the final yaw damper Kp, as recommended in
(44). We then tuned the roll controller inspired by the Ziegler-Nichols
method (45) for each variation by increasing Kp until we observed
oscillations at the ultimate gain Ky. We then set the roll controller
PID gains as follows

K, = 0.6 x Ky (1)
K=12*&*30%

T 2

Kp =0.075 % Ky * Ty *#30% (3)

where we approximated Ty = 1 s as the roughly observed oscilla-
tion frequency across all trials (a reasonable average estimate ac-
cording to the open-loop and yaw damper + roll control residual
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oscillation frequency distribution; Fig. 3B). We applied a 30% cor-
rection factor to the original Ziegler-Nichols method for K; and Kp,
to get satisfactory results for our many DOFs system, likely due to
nuances related to time delays and actuator dynamics. For further
method details of the virtual flight tests in the wind tunnel, see Sup-
plementary Methods.

For the turbulence experiment (Fig. 4), we induced turbulence
with the active turbulence grid at progressively higher turbulence in-
tensities (in intervals of 3% TI) for 60-s virtual flight durations. Each
test started with releasing PigeonBot II at each experimental varia-
tion with the reflexive controller trying to maintain a 0° roll setpoint.
This enabled determining the controllability boundary of the reflex-
ive controller gains (with gains and mixing tuned in low turbulence;
fig. S9) at which PigeonBot II's dynamics fully diverged because of
turbulent perturbation. We terminated each trial when the robot
went unstable, rebounding off the physical end stops of the spherical
joint mount (movie S6). The controllability boundary shown in Fig.
3 is that the maximum turbulence intensity level PigeonBot II could
sustain for a 30-s test duration.

Atmospheric flight control experiments

We extended the control system that we designed, tested, and tuned
in the wind tunnel (fig. S6) to make it flight ready for atmospheric
flight testing. As further detailed below, in the atmospheric flight
control system (Fig. 1D), the same yaw and roll control schemes
from the wind tunnel were used to enable turning flight. Moreover,
pitch was fully controlled (PID + feedforward) via tail elevation
(Fig. 1D). To enable online calculation of appropriate gains for each
teleoperated wing and tail morph combination, we implemented an
adaptive gain scheduler that fits and models the gains that we tuned
manually in the wind tunnel (fig. S9). The aforementioned lower-
level roll, pitch, and yaw control loops ran during all flight phases,
including teleoperation and autonomous navigation. Teleoperation
and autonomous navigation flight modes differed only in that tele-
operation allowed the teleoperator to command roll angle and either
pitch angle or climb/descend rate setpoints, whereas in autonomous
navigation, the navigation controller commanded these roll angle,
climb/descend rate, and pitch angle setpoints. The following para-
graphs detail the reflexive morphing control loop implementation,
followed by the teleoperation versus autonomous navigation flight
mode implementation.

When applied in the context of the autonomous circling tests
(Fig. 5), we let Ardupilot’s default navigation controller stream pitch
and roll setpoints to our adaptive gain scheduler and mixer (Fig. 1D).
Consequently, circling flight was achieved by banking the wings in
roll (via wing asymmetry, tail deviation, and tail tilt), which reori-
ented the lift vector toward the circle center. For further details on
turn coordination, pitch control, and airspeed control implementa-
tion, see Supplementary Methods.

To continuously adapt (or schedule) the roll and yaw feedback
gains that modified the autopilot’s output to the appropriate level
according to the wing and tail morph posture and AoA, we fit two
separate polynomial models of tuned wind tunnel control gains as a
function of morph posture and tail elevation. Given that we already
treated the combination of morph posture and tail elevation as a
steady-state predictor of AoA in the wind tunnel study (table S2),
these models used tail elevation angle directly (in addition to wing
and tail spread) as a proxy for AoA, rather than an additional AocA
estimator model. We model the scheduled roll control and yaw
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damper gain using a 10-coefficient continuous function across all
morph and elevation states

Kﬁt = Cl etail elevation T C26wing spread + C3 etail spread + C4e

2 2
+ C59wing spread + C5etail spread + C7e 0

2
tail elevation

tail elevation wing spread (4)

+ CSGtail elevation * etail spread + C9ewing spread * etail spread + ClO

which resulted in a root mean square error (RMSE) of 22.9% for the
roll gain and 4.8% for the yaw damper gain when evaluated at the
three-by-three wing and tail spread permutations (spread, middle,
and tucked) and their corresponding tail elevation angles to pro-
duce the three AoA combinations (cruise, cruise +3°, and cruise
—3°). We arrived at these scheduled roll control and yaw damper
gain models after fitting progressively larger linear models to our
data and selecting the model that gave the lowest RMSE before visu-
ally appearing to overfit the data. We implemented these models on
a Teensy 4.0 microcontroller, updating at 100 Hz. For the roll con-
troller, we continued to run the default roll controller in Ardupilot
on the PixRacer. Its roll PID output was scaled continuously on the
Teensy 4.0 according to the roll gain model above throughout flight
on the basis of the teleoperated wing and tail morph. Given that
we ended up with the same ratios of Kp, Ky, and Kp, for roll control
throughout all cases in the wind tunnel study, in Ardupilot, we sim-
ply set Kp = 1 while scaling K and Kp appropriately as static values
(K1 = 0.6, Kp = 0.037) to set the ratios. In contrast, we implemented
the entire yaw damper controller on the Teensy 4.0, updating at 50 Hz,
bypassing the Ardupilot yaw controller entirely. Combined, the PID
roll and pitch control scheme fully close the loop on roll and pitch
angle during atmospheric flights, whereas the yaw damping con-
trol scheme only provides damping of the yaw angle rate.

The adaptive reflexive control loop that controlled roll angle, pitch
angle, and yaw angle rate ran continuously as a fly-by-wire scheme in
both teleoperation and autonomous navigation flight modes. Teleop-
eration was flown in Ardupilot’s Fly-by-Wire-A (roll and pitch angle
setpoints) or Fly-by-Wire-B (roll and climb/descend rate setpoints)
flight modes at the teleoperator’s discretion to ensure safe flights. In
the Fly-by-Wire-A mode, the teleoperator commanded the wing and
tail spread angles as well as the roll and pitch angle setpoints, which
fed into our adaptive reflexive morphing controller. Fly-by-Wire-B
flight mode was identical to Fly-by-Wire-A mode except for the tele-
operator commanding the climb/descend rate instead of the pitch
angle. The climb/descend rate was then fed into the default Ardupilot
total energy control system controller to be converted into a pitch
angle setpoint. Because we implemented our own airspeed controller
that ran the entire time, PigeonBot Il ignored any throttle or airspeed
control built into Ardupilot. Autonomous circular flight trajectories
in Fig. 5 were performed in Ardupilot’s Loiter flight mode, which
replaced the teleoperator’s manual roll and pitch (or climb/descend
rate) setpoints with Ardupilot’s default navigation controller—which
outputs pitch and roll angle setpoints to the same adaptive reflexive
morphing controller as in every other flight mode.

Statistical analysis

We calculated the RMS;o11.yaw in Fig. 2D by taking the RMS of the
resultant roll and yaw angle vectors from each wind- tunnel trial

RMSroll—yaw = RMS < e1%011 + eiaw) (5)
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Further details on the lengths of these wind tunnel trials are in Sup-
plementary Methods.

For the roll, pitch, and yaw SD results shown in Fig. 4A, we took
the SD of the recorded roll, pitch, and yaw angles for 30 s. We only
plotted traces up to where PigeonBot II could remain stable for the
entire 30-s trial duration.

In atmospheric flight experiments, we assessed the circular flight
performance by calculating the mean radius and SD by first fitting
the loiter data to a circle to find the circle center (46) and then cal-
culating the 2D projected lateral distance to the fitted circle center
throughout the trial. We trimmed the circle flight trials in Fig. 5 (B
and C) to 30 s, unless the flown trials were already shorter than 30,
to more equally weight and compare the radii flown (Fig. 5C). Flight
durations are shown in Fig. 5B.

The turbulence intensities reported for atmospheric flights (figs.
S13 to S15) were calculated from onboard Pitot tube airspeed data,
sampled at 25 Hz. We calculated the turbulence intensity by taking a
moving SD of the airspeed and dividing by a moving average of the
airspeed. The moving average window was 2 s.
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