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Abstract

Insects are among the most agile natural flyers. Hypotheses on their flight control cannot
always be validated by experiments with animals or tethered robots. To this end, we
developed a programmable and agile autonomous free-flying robot, controlled through
bio-inspired motion changes of its flapping wings. Despite being 55 times larger than a
fruit fly, the robot can accurately mimic the rapid escape maneuvers of flies, including a
correcting yaw rotation towards the escape heading. Because the robot’s yaw control was
turned off, we showed that these yaw rotations result from passive, translation-induced
aerodynamic coupling between yaw torque and the roll/pitch torques produced
throughout the maneuver. The robot enables new methods for studying animal flight,
while its flight characteristics allow for real-world flight missions.s

Main Text

Flying insects demonstrate extraordinary agility when they reject wind gusts (1), catch
prey (2), or evade a human hand trying to swat them (3). Such aerobatic feats, enabled by
unsteady aerodynamics (4, 5), require both quick and precise reactions of their neural
sensory-motoric control system (6). Research of the underlying mechanisms typically
involves in-vivo observations of flight maneuvers, usually via high-speed cameras, and
has proposed hypotheses on the possible control strategies during maneuvers such as
saccades (7), evasive maneuvers (3) or aerial tumble recovery (8). These hypotheses are
currently being tested using theoretical modelling (8), or using tethered dynamically-
scaled robots (9). However, such tests are incomplete, as existing theoretical models lack
sufficient fidelity and tethered robots cannot model the full, coupled and non-linear,
multiple degree-of-freedom movement dynamics experienced during free flight.

8 This is the author's version of the work. It is posted here by permission of the AAAS for
personal use, not for redistribution. The definitive version was published in Science,
(2018-09-14), doi: 10.1126/science.aat0350
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Lately, many bio-inspired robotic platforms were developed trying to mimic the flapping
flight of hummingbirds (10, 11), bats (12), beetles (13) and even flies (14). Unlike
traditional fixed wing and rotary wing robots that differ greatly from flying animals, and
thus experience different flight dynamics, flapping-wing vehicles could be used to test
existing hypotheses on animal flight control, and bring insights, through systematic and
programmable experiments with known internal processes (15, 16). Nevertheless, due to
technological challenges coming from the stringent weight and size restrictions, most
existing designs cannot match the flight performance of their biological counterparts,
especially lacking the agility, and even sufficient power to take off or sufficient energy to
fly for more than a minute. The state-of-the art so far, the Nano Hummingbird (10) and
the Robobee (14) come close in terms of performance and autonomous flight control,
respectively. However, the Nano Hummingbird can only be manually operated by a
trained human pilot and thus cannot fly autonomously (10), while the fly-sized Robobee
Is tethered to an off-board power supply, which limits its maneuvering capabilities (14).

Here, we present a fully-programmable autonomous and freely flying insect-inspired
robot that is agile both around hover and in fast forward flight (Fig. 1). The robot is
tailless, and thus, like in flies (5, 8), position and orientation in space are controlled solely
through wing motion adjustments. When designing the robot, we build upon the reliable
flapping mechanisms with flexible wings found in (17). Two wings on each side of the
robot flap in counter-phase and clap and peel with each other to enhance the produced
thrust (Movie S1), inspired by the clap-and-fling mechanism observed in nature during
thrust-demanding tasks (4). The size, wing morphology and wing kinematics of our robot
do not mimic any specific natural flyer but were instead optimized for maximal power
efficiency when driven by miniature brushless DC motors, an engineering alternative to
the powerful animal flight muscles. The resulting 28.2 g robot has a wingspan of 33 cm
(Fig. 1A); its 14-cm-long wings have a flapping frequency of approximately 17 Hz in
hover. The power efficiency of our robot enables a flight endurance of 5 minutes in
hover, or a flight range of more than 1 km, on a single battery charge.

To control its orientation, the robot produces torques around the three orthogonal body
axes via bio-inspired adjustments of the wingbeat pattern (Fig. 1H-J). Like in fruit flies
(5, 8), yaw torque is produced by changing the wing root angle such that the (wingbeat-
average) thrust vectors of the left and right wing(s) are tilted in opposite directions (Fig.
1E,H). Pitch torques are generated by adjusting the dihedral angle (center line of the
flapping wings), which as in fruit flies (5), shifts the wing thrust vectors relative to the
center of mass (CoM) (Fig. 1F,I). Roll torques are produced by generating thrust
difference of the left and right wing (pair). Flies, with a coupled wingbeat actuation
system, achieve this using asymmetric stroke amplitude adjustments (5), whereas our
robot adjusts stroke frequencies (Fig. 1G,J). Finally, symmetric flapping frequency
variation is used for modulation of thrust magnitude. The resulting control torques and
thrust have high magnitude (Fig. S1,S2), bandwidth (Fig. S3), very little coupling (Figs.
S3-S5), and are minimally sensitive to the vertical location of the CoM (Fig. S5E, F) (18).

Tailless flapping flight is unstable near hover (19), and thus the robot needs to actively
stabilize its attitude (orientation in space). To this end, it carries a miniature 2.8 g
autopilot (20) equipped with a programmable microcomputer and sensors for attitude
estimation (18), i.e., a 3-axis gyroscope and accelerometer (Fig. S6). Attitude control



(Fig. S7) uses the estimated attitude as well as the body rotation rate signals from the
gyroscopes (18), and is on the short-term in many respects comparable to the haltere-
based P1 controller suggested to be used by fruit-flies (5, 8). Apart from remotely-piloted
operation, the autopilot allows to execute pre-programmed control sequences, triggered
by the pilot.
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Fig. 1. An insect-inspired free-flying robotic platform is controlled through its two
pairs of independently flapping wings.

(A) description of the robot’s components, (B-D) high speed camera frames capturing the robot in hover
(B), forward flight (C), and sideways flight (D), from Movies S1-S3, respectively. (E-G) Details on the
robot design: (E) the wing root adjustment mechanism for yaw torque control, (F) the dihedral control
mechanism for pitch torque control, and (G) the flapping mechanism (of the left wing pair), used for thrust
and roll torque control. (H-J) Wing actuation and aerodynamic forces and torques during yaw control (H),
pitch control (1), and roll control (J). Magenta arrows represent actuation action, gray arrows the nominal
wingbeat-average aerodynamic thrust vectors, and red arrows show wingbeat-average thrust and torques
after control actuation.

Similar to many flying insects (3, 5), the robot can actively control 4 degrees-of-freedom
(DOFs): roll, pitch, yaw and thrust. To move in a 6 DOF space, translation control
follows the helicopter model, whereby forward/backward flight speed is controlled via
body pitch (Fig. 1C, Movie S2), and sideways flight is achieved by rolling the body left
or right (Fig. 1D, Movie S3). The robot can perform stationary hovering flight and move
in any direction with rapid, yet smooth and reproducible transitions (Figs. S9-S12, Movie
S4). In forward flight, the highest power efficiency is achieved around 3 m/s; applying
full power results in the maximal speed of 7 m/s. The maximal sideways speed is 4 m/s.

The key property of interest here is the robot’s agility, which is exceptional for a flapping
wing robot and approaches that of rotorcraft robots (21). It can perform 360° roll and



pitch flips, during which it reaches angular accelerations of up to about 5000° s (Figs.
S13, S14, Movie S5, S6). Its maximal thrust to weight ratio of 1.3 allows for quick
climbs, although it remains inferior to the best natural fliers with thrust-to-weight ratios
>2 (3).

Despite the large variation in size, mass, wing kinematics and wing morphology among
flapping wing fliers, they all experience the same type of passive aerodynamic damping,
termed flapping-counter-torque and flapping-counter-force (22), and thus their flight
dynamics share similar characteristics (19). We can thus use the robot to study maneuver
dynamics and control in a wide range of flying animals, from similarly-sized
hummingbirds to tiny two-winged fruit flies. To demonstrate this potential for animal
flight research, we have programmed the robot to mimic the rapid banked turns observed
in fruit flies when evading predators (Movie S7) (3).

It has been hypothesized that these evasive maneuvers consist of two distinct phases (3,
5). The first phase is simply a feedforward program triggered by the visually-detected
threat, whereby the fly produces a combined roll and pitch rotation, with the ratio of
pitch-rate to roll-rate (g/p) defining the turn angle. The second recovery phase is
controlled using sensory feedback provided by the halteres. It has also been hypothesized
that fruit flies do not control body yaw throughout the evasive maneuver, but instead
control for the sideslip caused by the maneuver after the turn, possibly by using much
slower visual feedback (3, 5, 9).

We tested these two hypotheses by reproducing a range of evasive maneuvers described
in fruit flies, which were preprogrammed and fully autonomous to assure the control
inputs were always the same. The initial phase of the maneuver was controlled using an
open-loop (OL) combination of pitch and roll torque commands (18). For the recovery
phase, we used feedback control of roll and pitch, whereas yaw control was turned off.

In our first set of experiments, we performed two evasive maneuvers initiated with
different pitch-to-roll rate ratios: the first dominated by rolling (g/p =0.52, Figs. 2A, S15),
and the second dominated by pitching (g/p = 1.67, Figs. 2C, S16). Despite significant
differences between our four-winged robot and the much smaller two-winged fruit fly,
the robotic maneuvers resembled those observed in fruit flies remarkably well (Fig. 2A—
D, Movies S8, S9). To be able to quantitatively compare the fruit fly and robot
maneuvers, we normalized distances by wing length and time by the wingbeat-cycle
period (flies) and half-the-wingbeat-cycle period (robot) (Figs. S17, S18) (18), and
determined the Pearson’s correlation coefficient ¢r and normalized root-mean-squared
error rmse between the normalized robot and fruit fly data (Table S5). For both
maneuvers (Fig. 2A-D), we found high correlations and low rmse (Table S5), further
highlighting the similarity.

Analyzing a 90-degree turn initiated with 94% of the maximal pitch torque and 74% of
the maximal roll torque (g/p = 0.54) in detail (Figs. 2E—-I, S19, Movie S10), showed that
at the apex of the turn, an extreme body attitude of ~100° in roll is reached, which is
comparable to the equivalent attitudes observed in fruit flies (Fig. 2B) (3). In the
subsequent feedback phase the transition between the positive and negative acceleration
peaks (difference of 9000° s) took less than 3 wingbeats (=0.18 s), while closely
following the wing actuation that generates the body-accelerating torques (Fig. 2G,1).
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Fig. 2. The robot mimics rapid banked turns observed in escaping fruit flies.

(A,C) Time sequences (top view) of a roll-dominated maneuver (pitch-to-roll rate g/p = 0.52) and a pitch-
dominated maneuver (g/p = 1.67), respectively. The start of the OL phase is marked with a green circle.
(B,D) Time sequences (top view) of the equivalent fruit fly evasive maneuvers with the stimulus (green

arrow) coming from the left and

the front, respectively. (E-I) Detailed analysis of a roll dominated

maneuver (g/p = 0.54). (E) Time sequence with constant time interval of 0.125 s, and trajectory projections
(black dotted line). Wings are color-coded with thrust command magnitude, see color bar. (A-E) Blue and
magenta arrows represent velocity and acceleration vectors, respectively. Vectors for the robot and flies are

scaled by the black scale bars in

(AE) and (B), respectively. (F=I) Time histories of roll command (F), roll

acceleration and flapping frequency of the right wing pair (G), pitch command (H), and pitch acceleration
and dihedral angle (1). The OL phase is highlighted by gray background.



These results confirm that a rapid banked turn can be successfully achieved with an open-
loop maneuver initiation and closed-loop recovery, supporting the hypothesis that the
recovery phase of the evasive maneuver in fruit flies is also controlled using a Pl-like roll
and pitch control system, whereby halteres might provide the sensory input (3, 5).

To systematically test the relation between g/p and turn angle, we performed evasive
maneuvers at 5 combinations of roll and pitch torque commands, varying g/p from ~0.3
to ~2.1 (Figs. 3, S20) (18). g/p at the end of the OL phase had a clear effect on the flight
trajectory (Fig. 3A), and in agreement with fruit flies, g/p was positively correlated with
turn angle (cr = 0.95, Fig. 3F), whereby turns with dominant pitch rates resulted in larger
turn angles.

In agreement with the fruit fly experiments (3), we also observed high yaw rates in the
direction of the turn during the recovery phase (Fig. 3D). Because no yaw command was
provided during the robot maneuvers, these yaw movements were thus passively induced
(Fig. S21).
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Fig. 3. The turn angle during the banked turn can be controlled by varying the ratio
of pitch to roll torque commands.

Results are color-coded according to pitch-to-roll rate of the maneuver (g/p), see legend in (A); thin lines
are individual trials, and thick lines series averages. (A) Top-view of trajectories, aligned at the start of the
OL phase (t = 0 s) where the robot is shown. (B—-D) Time histories of angular rates during the maneuvers.
The OL phase is highlighted by gray background. (E) angular rate vector in the horizontal body plane,
relative to the forward-directed black arrow. (F,G) Turn angle and turn rate versus g/p, respectively, for
individual tests (squares) and meanzstandard deviation per condition (error bar).



For the robot as well as the fruit flies, the observed yaw accelerations 7 correlate strongly
with roll accelerations p, and particularly for the sharper turns (high g/p), also with the
pitch accelerations g (Fig. 4A,B). Moreover, the largest yaw accelerations were observed
in the recovery phase, where both the robot and the flies move at relatively high forward
and sideways flight velocities (Fig. S22).

Based on these observations, and thanks to the simple wing kinematics of the robot where
roll and pitch torque are each modulated by only one parameter, we were able to develop
a functional aerodynamic yaw torque model that explains the observed yaw accelerations
in the robot maneuvers (Figs. 4D-H, S23) (18):
N = IL =—bOR[(f + f)Rr+(f — f)u+(f_+ f)I'v].
2 1)

Here, N is yaw torque, I yaw acceleration, I, the moment of inertia around the vertical
body axis, b is the linear damping coefficient due to flapping-counter-force (22), @ is
flapping amplitude, R is wing length, f_ and fr are flapping frequency of the left and the
right wing, respectively, r is yaw rate, u and v are forward and sideways velocity of the
robot, respectively, and I is the wing dihedral angle.

The first term —b®R?(f, + f,)r represents the flapping-counter-torque (Nrct) that is, per

definition, opposite to the direction of yaw rate (Fig. 4F) (22), and can thus not explain
the observed yaw accelerations. The two remaining terms are our new addition to the
passive yaw-torque system for flapping flight, which from here we will call translation-
induced coupled yaw torque (NtcT), as it models the coupling effect of roll and pitch
torque production on yaw torque in the presence of translating body motions (Ntct =
Nuerol + Nvegpiteh, Fig. 4G-H). Thus, in the presence of a forward velocity, u, the

differential flapping frequency (f, — f;) used for roll torque production results in also a

yaw torque (Nueron, Fig. 4G). Similarly, in the presence of a sideways velocity, v, the
dihedral angle I" used for pitch torque production equally generates a yaw torque (Nvepitch,
Fig. 4H). In steady hover conditions, such coupling is negligible (Fig. S4).

Despite its low complexity, this model accurately estimates the observed yaw
acceleration in both roll-dominated and pitch-dominated banked turn maneuvers (Fig.
4D-E, cr =0.73+0.30 (meanzstandard deviation), for the 5 sets of trials in Fig. S24 and
Table S6). Notably, the model predicts the same coupling effects also when differential
flapping amplitudes are used for roll torque production (Egs. S10-S14, Fig. S23), which
is what many biological fliers as well as other aerial robotic flappers employ.

Due to the high complexity of fruit fly wing motion patterns, we were unable to adapt the
model for fruit flies where multiple degrees of freedom are involved in generating roll
and pitch torques. For the fruit fly maneuvers, we estimated yaw accelerations resulting
from translation-induced coupled yaw torque as the measured acceleration minus the
accelerations caused by flapping-counter-torque (Eq. S19). These flapping-counter-torque
corrected yaw accelerations correlate even better with both the product of roll
acceleration and forward velocity, and the product of pitch acceleration and sideways
velocity (Fig. 4C) than our initial yaw-pitch and yaw-roll correlations (Fig. 4B),



suggesting that translation-induced coupled yaw torque is also present in the fruit fly
maneuvers.
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Fig. 4. The passive yaw accelerations during the recovery phase of banked turns
originate from the coupling between the roll and pitch torque generation
mechanisms and translational body motions.

(A,B) Correlation coefficient between the yaw acceleration and the roll (solid) and pitch (dashed)
accelerations at various pitch-to-roll rate ratios g/p, for rapid banked turns produced by the robot (A), and
for evasive maneuvers produced by fruit flies (B). (C) Correlation coefficients for the same evasive
maneuvers of fruit flies, after correcting for the flapping-counter-torque and including the translational
body velocities. (D-E) Measured (black) and modeled (red) yaw accelerations during the banked turn of
the robot: (D) roll dominated banked turn (g/p = 0.50), (E) pitch dominated banked turn (q/p = 1.34). Line
style of individual model components follows the legend at the bottom of panel (E). (F-H) The three
passive yaw torque producing mechanisms at t = 0.4 s in panels (D-E) are flapping-counter-torque (F),
torque due to forward motion with uneven left and right flapping frequencies (G), and torque due to
sideways motion with non-zero dihedral angle (H). The legend for the color-coding of the flapping
frequency and the positive directions of all the coordinates are shown at the bottom of panel (H).

Together with the high similarity between the turn dynamics of the robot and the fruit
flies (Fig. S22), these results provide strong support for the hypothesis that fruit flies do
not actively control yaw throughout evasive maneuvers (3, 5), but instead use the
translation-induced coupled yaw torque (Eq. 1) to rotate their body in the direction of the
banked turn. Given that many maneuvers of flying animals occur at non-zero translational
velocities (2-4, 7, 22-24), the here-identified passive torque coupling might be more
widespread among natural flyers.

Despite the observed yaw accelerations, high sideslips remained at the end of the turns,
for both the robot and the flies (Figs. 2A-D, Fig. S17, S18, S22). In a separate set of
robot experiments, we were able to completely remove this sideslip by producing feed-
forward maximum-yaw torque throughout the recovery phase, but this body alignment
did not increase the speed of the turn (Figs. S25, S26). Hence, producing such precisely-



timed and thus complex feedforward yaw command throughout the turn might not enable
flies to increase evasive performance. This might be one of the reasons why flies prefer to
rely on passive alignment throughout the turn, and fully align their body actively only
after the turn, possibly using a simpler feedback controller based on visual information
(3, 5).
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Materials and Methods

Robot prototype

The robot (Fig. 1) is primarily built from off-the-shelf components, in order to facilitate
production and maintenance at low costs. It reuses two custom-made injection-molded
flapping mechanisms of the DelFly Il MAV (25). Each flapping mechanism features a
four-bar linkage mechanism, a 2-stage reduction gearbox with a gear ratio of 21.33 and a
custom-made brushless DC motor (DC Enterprises, Bangalore, India). The motor is
driven by a SuperMicro MX-3A electronic speed controller (ESC). The ESC was flashed
with BLheli firmware v13.0 (26), customized to enable rpm sensing by sendinga TTL
pulse with every switch of the motor phases.

The wings are built of a 15 um thick transparent boPET foil (Mylar), 0.28 mm round
carbon fiber reinforced polymer (CFRP) rod stiffeners and 1.4 mm D shape CFRP rod
leading edges. Their geometry was adopted from the design ‘wing8436’ in (25). The
manufacturing process is similar to the ‘advanced cut & glue method’ in (25). The
complete 28 cm wing is folded in the center to form the left/right wing pair of 14 cm
length. The root of the wing pair is taped to the root bar made of 0.7 mm CFRP rod,
which extends from the flapping mechanism frame.

The dihedral control mechanism parts are 3D printed using a UV curable resin
‘Frosted Ultra Detail” from Shapeways, Inc. The hinge axes are made of 1 mm CFRP
tubes. The mechanism is driven by a HK5330 rotary servo actuator, with its casing
partially removed to save weight. 2 mm square CFRP tube is used for the connection
between the control mechanism arms and the flapping mechanisms as well as the central
fuselage.

The root bar deflection mechanism consists of a second HK5330 rotary servo
actuator, attached to the central fuselage, and an arm made of 1 mm plywood rectangular
plate. The wing root bars are inserted into the holes located on the sides of the plywood
arm; the hole tolerances allow axial displacement of the bars when the arm is actuated.

The Lisa/S autopilot board features a 72MHz ARM Cortex-M3 microcomputer and
an MPU6000 6-axis MEMS IMU (consisting of a 3 axis gyroscope and accelerometer)
among other sensors (20). The autopilot is seated on a vibration isolator to prevent sensor
saturation due to the high frequency vibration of the robot structure, excited by the
flapping wings. The isolator is made of two 7 mm x 7 mm x 20 mm PU foam blocks and
a 2mm Depron sheet base (Fig. S8C). The robot is further equipped with a Deltang Rx31
receiver (connected to the autopilot over a single wire PPM) and a 2 GB micro SD card
for on board data logging (connected via SPI1). Due to limited number of interfaces only
one rpm signal from the ESC was connected to the Lisa/S autopilot.

The power is provided by a 180 mAh LiPo single cell battery (Hyperion CX G*
25C). 28 AWG stranded copper hook-up wires bring power from the battery to the
autopilot. The rest of the wiring (power, signals) is made of 0.18 mm enameled copper
wires. The connection diagram of the robot’s avionics is in Fig. S6.

Table S1 lists all the robot’s components. The mass and inertial properties of the
robot, estimated from the measured location and weight of individual components, are
summarized in Table S2. At zero dihedral angle 7~ (leading edges of left and right wing
pairs being collinear), the center-of-mass (CoM) of the robot, lies within 1 mm from the




ideal yaw axis in Fig. 1J. The vertical position of the center-of-mass, zcowm, is positioned
approximately 50 mm below the plane of wing leading edges. The CoM shift at the
maximal and minimal dihedral angle (+17°) remains within 5 mm of the nominal case
and has a marginal effect (5% or less) on the body inertia (Table S2).

For all the presented experiments, the vehicle was equipped with reflective markers
such that its position and orientation could be tracked by an optical motion tracking
system, see Fig. S8. To assure good tracking under any conditions (even when the body is
upside down), markers of approximately 12 mm in diameter were made using an IR
reflective tape (OptiTrack, Inc.), pre-cut and folded into an approximate, hollow sphere,
each weighting approximately 0.26 g. Three of these markers were placed on a structure
added to the top of the vehicle, one was placed on the structure supporting the autopilot
on the fuselage. Two additional flat circular markers were placed on top of the outside
gears of the two flapping mechanisms such that also the dihedral angle 7"could be
tracked. The tracking markers represented an extra payload of 1.61 g and increased the
moments of inertia by about 12% (roll and yaw axis) and 17% (pitch axis). Despite an
inevitable effect on the vehicle dynamics (lower agility), the same set of gains as for the
‘unloaded’ robot could be used without a noticeable decrease of performance.

On-board state estimation and control
The autopilot is running the open-source Paparazzi UAV software v5.11 (27), which
includes modules for attitude estimation as well as for attitude stabilization.

For the attitude estimation, we employed the fixed-point implementation of attitude
and heading reference system (AHRS) ‘int_cmpl_quat’. This algorithm fuses the
accelerometer and gyroscope data using complementary filters and estimates the attitude
(in quaternion form) as well as biases of the gyroscopes. The attitude quaternion is used
to avoid the gimbal lock of Euler angles. Nevertheless, the estimated attitude is also
converted to Euler angles, which are used in the attitude stabilization. For the attitude
stabilization, we employed the algorithm ‘attitude euler int’ of Paparazzi. In this fixed-
point implementation, rotations around individual body axes are treated independently.

For roll and pitch stabilization we employed attitude feedback control with
proportional (P) and derivative (D) terms. Even though natural fliers are believed to
primarily stabilize their angular rates with a PI controller (on rates) (5, 8), in the short
term these two control types will result in comparable control inputs. The references were
generated from the attitude setpoint using a second order system according to Fig. S7A.
For the majority of the experiments presented here, the attitude setpoint was given by a
preprogrammed sequence within the autopilot to assure consistency among multiple
trials. This means that all the fruit-fly-inspired maneuvers were performed fully
autonomously by the robot. Of course, the set points can also be commanded by the
human pilot, which was the case in the hover to forward/sideways flight transitions (Figs.
S9, S10). The angular position error is computed as the difference between the estimated
attitude and the reference. The rate error is computed by subtracting directly the
gyroscope reading from the rate reference. The controller schematics is in Fig. S7B. On
top of the standard implementation of attitude stabilization in the Paparazzi UAV
software, we added a low pass filter (2" order Butterworth) to the controller output to
reduce the amount of noise in the servo actuator commands. During the flight testing, we




found the 15 Hz cut-off to be a good compromise between noise reduction and the delay
introduced to the control loop.

Yaw control was turned off during the fly-inspired rapid banked turns, but remained
active otherwise to be able to steer the robot’s heading in between the individual trials
and to maintain straight flight just before the turn was triggered. In this axis, we were
unable to use the bio-inspired D gain (i.e. P gain on rates) because of a combination of
low load on the yaw actuator and noisy yaw rate measurements, due to a vibration around
the yaw axis (torsion of the lightweight fuselage tube). Despite a stronger low pass filter
used (10 Hz cut-off), the actuator would oscillate and get saturated. Thus, the (auto)pilot,
giving a yaw rate setpoint, was directly commanding the deflection of the wing root
mechanism through a feedforward term (Fig. S7C). Because of the inherent flapping-
counter-torque (22), which is proportional to the yaw rate, the constant wing root
deflection results in an equilibrium with a constant yaw rate (about 90° s** at maximal
deflection). A P controller was employed to maintain the desired heading, computed by
integrating the turn rate commanded by the pilot. All the parameters of the control loops
and reference generators are summarized in Table S3.

The pitch command, cmdpitch, and yaw command, cmdyaw, Were sent directly to the
dihedral and wing root deflection mechanism servos, respectively. The theoretical
dihedral deflection for 100% pitch command was approximately =17°. However, due to
an inevitable play in the gear mechanism and an elastic deformation of the dihedral
mechanism arms under the aerodynamic loads, larger dihedral angles were reached in
forward flight, as evidenced by the motion tracking system data. The neutral dihedral
angle was trimmed during the initial flights for moment equilibrium. The range of the
wing root deflection servo arm was +45° for +100% yaw command.

The commands to the left and right motors, cmdmotor. and cMdmotorr Were calculated
from the roll and throttle commands as:

—0.5cmd
+0.5cmd

cmd_ .. =cmd +0.1jemd |, (S1)

+0.1)emd - (S2)

motorL throttle roll

cmd cmd

motorR throttle roll

The last terms (0.1|cmdm“|) were added to compensate for the loss of thrust due to body

roll when flying sideways. Finally, the motor commands were bounded to remain
between 0% and 100%.

Force balance setup and data processing

A Nanol7 Titanium 6 DOF force/torque sensor (ATI-Industrial Applications, Inc.,
calibration S1-8-0.05) was employed to evaluate the performance of the robot in a static,
hover-like (still-air) condition. An AIM-TTI Instruments PL155 power supply powered
the robot instead of a battery to assure constant conditions during the measurements. Its
remote sensing function was employed to compensate for the voltage drop on the supply
cables; the voltage at the robot thus remained close to the preset value of 4 V.

The data was acquired using an NI cR10-9024 controller, featuring a real-time
processor and a field-programmable gate array (FPGA) allowing high acquisition rates.
The controller was equipped with modules for input and conditioning of the 6DOF sensor
bridge signals (2 x NI 9237), analogue input modules for acquisition of the voltage level




at the robot input (NI 9239) and the input current (N1 9227), and a digital input/output
module (NI 9403) for pulse-width modulated (PWM) actuator command signals and rpm
sensing pulses from the two ESCs. The sampling frequency was set to 10kHz during the
static tests (constant commands) and 5kHz during the step response tests.

The acquired data was post-processed using MATLAB 2016a software
(MathWorks, Inc.). The torque measurements were transformed to the CoM of the
vehicle using its position in the sensor reference axes and the measured forces. In the
static measurements (constant commands, Figs. S1-S5), we present the mean value over
the 2-s measurement. All the results are discussed in the Supplementary experimental
results section.

In the step response measurements (Fig. S3), the command was repeatedly switched
between two preset values. The switching was done manually. The force and torque
signals were low pass filtered with a 4™ order zero-phase Butterworth filter with a 5 Hz
cut-off. This allowed to filter out most of the variation due to flapping and due to the
flapping-induced vibration yet to keep the low frequency content that was within the
bandwidth of the actuators.

Free flight experiments

We performed 3 types of flight experiments with the robot, being:

1. Agility demonstration maneuvers: quick transitions from hover to forward/sideways
flight and back to hover, and 360° roll and pitch flips

2. Repetitive transitions to forward/sideways flight to quantify the reproducibility of the
maneuvers

3. Rapid banked turns inspired by the evasive maneuvers of fruit flies

Agility demonstration maneuvers
The experiments demonstrating the agility of the robot were performed in the “Open Jet
Facility” wind tunnel room of the TU Delft, which provided sufficient space for these
experiments (the wind tunnel itself was not used). We equipped the room with 10
Optitrack Prime 17W motion capture cameras, covering a tracking volume of
approximately 5 m x 6 m x 4 m and recording the position and attitude of the robot
equipped with the reflective markers (Fig. S8) at 360 frames-per-second (fps).

In parallel to the motion tracking, data were logged on-board of the robot with a
sampling rate of approximately 100 Hz. These included the attitude estimates (Euler roll-

pitch-yaw angles [@y,,, Oy ¥ imu 1), @ngular rates eimu = [pivu, Qimu, fimu], commands
(cmdthrottie, Mdrolt, cMdpitch, CMdyaw), attitude setpoints [@..,, O, W] and the rpm of the
right flapping mechanism motor.

A) Rapid transitions from hover to fast forward/sideways flight and back

Unlike in all the other experiments, the vehicle was piloted by a human operator
during these tests. The pilot was giving the attitude set-point through the sticks of a
remote controller. The test sequence consisted of hovering (zero pitch and roll
commands), transition to fast forward or sideways flight (full pitch or roll command,
respectively) and return to hover (zero pitch and roll commands).



B) Rapid 360° roll and pitch up flips: barrel rolls and loopings
These maneuvers consisted of a 5-phase program, triggered by the pilot when the
robot is hovering:

a. Gaining altitude by commanding 94% throttle for a duration of 0.6 s while still in
attitude feedback mode.

b. Initiation of the flip by commanding a full positive roll/pitch torque in open loop
(OL) mode to initiate the maneuver until a limit angle of gstop/@stop = 90°, estimated
by integrating the gyro signal of the respective axis, is reached; the throttle command
is nominal.

c. ‘Free rotation’ phase with 26% throttle command and zero roll and pitch torque
commands until gstart/@starT = 270°, estimated by the single axis gyro integration, is
reached.

d. Recovery by switching back to attitude feedback mode with hover attitude setpoint,
with a 94% throttle command for a duration of 0.8 s to stop the fall around the initial
altitude.

e. Return to hover (attitude feedback mode) with nominal throttle.

The timing and other parameters of the program were hand tuned for reliable
performance. The non-zero throttle command during the “free rotation” phase was
necessary to prevent the brushless motors from stopping as their spin-up time from a full
stop is much longer.

Reproducibility tests

The tests of maneuver reproducibility were performed in the “Cyberzoo” flight arena of
the TU Delft, which was equipped with 12 OptiTrack Prime 17W maotion capture
cameras, giving a tracking volume of approximately 9 m x 9 m x 4 m. Again, this was
complemented by the on-board logged data.

We performed repetitive transitions from hover to various pitch setpoints (forward
flight tests) and roll setpoints (sideways flight test). A perfect step in the setpoint was
achieved by linking the setpoint value to a mechanical switch of the remote control that
was triggered by the pilot. For forward flight maneuvers, we performed pitch steps from
0° to 15°, 30°, 45°, 60° and 75° (Fig. S11), while the roll and yaw setpoints remained 0°
and the thrust command remained constant. Similarly, roll steps to 15°, 30°, 45° and 60°
were performed for the sideways maneuvers (Fig. S12). Each maneuver was repeated at
least five times.

Rapid banked turns inspired by the evasive maneuvers of fruit flies

The fly-inspired experiments were also performed in the “Cyberzoo” flight arena of the
TU Delft. Because the motion tracking system was undergoing an upgrade over the
course of these experiments, the cameras and settings used differ for individual datasets.
The test in Fig. 2E was recorded at 56 fps with 24 Optitrack Flex13 motion capture
cameras. The tests in Fig. 2A,C,F-I and Fig. 3 were recorded at 120 fps with 10 Optitrack
Prime 17W motion capture cameras. Finally, the tests in Fig. S25 were recorded at 360
fps with 12 Optitrack Prime 17W motion capture. All the tests and the respective camera
setups are also listed in Table 4. Again, additional data was logged on-board.



The autonomous, insect-inspired, rapid banked turns were triggered by the pilot
when the robot was hovering and consisted of 4 phases:

a. Acceleration to an initial velocity U;n by commanding pitch én in attitude feedback
mode.

b. Maneuver initiation by constant feedforward commands to the actuators in open loop
(OL) mode for a duration of toy.

c. Recovery from the OL phase perturbation by commanding pitch éour in attitude
feedback mode (roll & pitch) and a feedforward command cmdyaw,out in yaw.

d. Return to hover.

In the systematic tests (Figs. 3,4), 5 to 6 maneuvers were recorded for each
combination of commands, resulting in different g/p at the end of the OL phase. Each
turn was preceded by a body pitch command éin = -30° given att =-1 s in order to
accelerate to a velocity U ~ 1.2 m s™ at t = 0 s (start of OL phase). The duration of the
OL phase (toL = 0.25 s ~ 4 wingbeats) was tuned such that roll angles would remain
below 90° even for the largest roll commands in these trials. Because the robot had a
tendency to accelerate during the less sharp turns, in accordance with fruit flies (3), a
smaller pitch angle command éour = -15° was used during the recovery phase to
guarantee successful recovery within the bounds of the flight arena. The feedforward yaw
command cmdyaw,out Was Set to zero in all the tests, except for the trials with feedforward
yaw control included (Fig. S25C,D), where the maximal yaw actuator deflection
(cmdyaw,out = 100%) was commanded.

Processing and analysis of the flight data

All the processing was carried out using MATLAB 2016a software (MathWorks, Inc.).
The motion tracking data consists of position vector ©x =[x, y, z] and orientation
quaternion q of the body within the world reference frame, as well as the position of all
the individually tracked markers ©x,, with n being the marker number. The orientation
quaternion was transformed to the Euler Roll-Pitch-Yaw angles [¢, 6, y] following the
standard aerospace formulas. The tracking quality was monitored by the marker error
parameter of OptiTrack Motive 1.10.3 software (NaturalPoint, Inc.); the mean values and
standard deviations of the marker error of the recordings used in the analysis are listed in
Table S4. Individual frames with a mean marker error larger than 10 mm were considered
to be outliers. Short segments (up to 10 frames) of outliers or gaps in the data due to an
occasional loss of tracking were filled with linear interpolation (interpl(... ,..., linear’)
function in MATLAB). Experiments with longer outlier segments or gaps, were
discarded.

The data was corrected for the misalignment between the body axes (with an origin
at the CoM) and OptiTrack-defined axes like in (28). The body CoM velocity ©v = [vx, vy,
v;] and accelerations ®a = [ay, ay, a;] were computed by numerical differentiation of the
position vector (in ground fixed axes). By transforming these data using the Euler angles,
we determined the velocity and acceleration of the robot in the body reference frame (Bv
= [u, v, w] and Ba, respectively). Similarly, angular rates & = [p, g, r] and angular
accelerations a =[p,q, ] were computed by numerical differentiation, starting from the

Euler angles and doing the necessary kinematic transformations.
The flight speed of the robot, U, was taken as the norm of the body velocity vector
Bv, and the course is the direction of its horizontal components of Bv (filtered, as




explained further). Turn rate (rate of change of course) was found by numerical
differentiation of course over time. Sideslip angle  was computed as

p=arcsin(v/U), (S3)

whereby v is the lateral component of the body velocity vector Bv.

The dihedral angle of the wings 7"was computed from the position of the individual
markers, transformed into the body frame, using basic trigonometry, similar to the
deflection of the control surfaces in (28).

Finally, a zero-phase low pass filter (Butterworth, 8" order, 10 Hz cut-off) was
applied to the linear and angular velocities and accelerations to reduce the amount of
noise, amplified by the numerical differentiation. When generating the animation
sequences as in Fig. 2, the same filter was also applied to the dihedral angle and the
commands to avoid aliasing effects due to low ‘sampling rates’ of the sequence.

Cross-correlation was used to find the time difference At between the motion
tracking and on-board datasets. We used the (estimates of) body pitch and roll, the two
signals contained in both datasets, which were pre-filtered using the filter described
above (identical for both datasets) and interpolated to 1kHz using spline interpolation
(interpl(..., ..., 'spline’) function in MATLAB). The time difference was computed from
the relative signal displacement giving a maximum value of cross-correlation (xcorr(...)
function in MATLAB). An average of the two values found for roll and pitch was used to
synchronize the datasets.

In the rapid banked turns, the data was aligned by zeroing the position, course and
body yaw when the turning maneuver was triggered (t = 0 s). The data presented in all the
flight experiment figures is based on the motion tracking data, unless stated otherwise,
except for the commands and the right-wing flapping frequency. Apart from time
measured in seconds, a secondary abscissa is shown at the top of some figures
representing the number of wingbeats. Because the flapping frequency is not constant and
differs significantly between the left and right wing-pairs when roll torque is commanded,
the mean flapping frequency at hover (f = 17 Hz) was used.

Comparison with fruit fly data
To be able to perform a quantitative comparison of the robot and fruit fly flight data,
scaling was used to account for the large differences in size and wing kinematics. We
used root-to-tip wing length Lw as a scaling factor of length (Lwrobot = 140 mm, Lwsy = 3.0
mm). For time scaling, a good match was achieved when using wingbeat cycle time as a
scaling factor 7 for fruit flies (zny = 1/fay = 5.3 ms) and half-wingbeat cycle time for the
robot (zrobot = 1/(2frobot) = 29 ms). While this could be due to the fact that the robot has
twice the number of wings than the flies do, it is more likely that it is just a coincidence,
and the factor of 2 captures also the differences in flapping amplitudes, wing aspect
ratios, etc. Time alignment was achieved by searching for maximum of the cross-
correlation function between the roll and pitch rates in the two datasets. The procedure
was equivalent to what was described in the previous section for synchronization of the
motion tracking and on-board data.

The data in both systems (robot and fruit flies) is represented in a body-fixed stroke
plane reference system, where the xy plane is aligned with the wing stroke plane. The




robot needs to pitch forward more to reach the same scaled speed, which may be due to
different relative position of the center of mass and the center of pressure of the wings ,
but also because the robots wingbeat kinematics is nearly symmetric, unlike in flies
where differences between downstroke and upstroke are present. Thus, the body pitch of
the robot was offset from that of the fly throughout the turn. Nevertheless, the angular
rates along the same, stroke-plane-fixed, axes as well as the velocities in the stroke plane
direction, u and v, followed the same trends.

In Fig. S17 and Fig. S18 we compared the scaled data for individual turns shown in
Fig. 2A,B and Fig. 2C,D. To quantify the similarity, we used Pearson’s correlation
coefficient ¢, and root-mean-squared error rmse. The rmse was normalized by the
maximal absolute value of each variable in the robot data.

Qualitative comparison was carried out for the average rapid banked turns for the
various g/p in Fig. 3, which were compared to the fruit fly maneuvers from (3), binned
according to the direction of the looming target into four groups and averaged.

Yaw dynamics model
High yaw rates (and accelerations) were present in the recovery phase of the maneuver
both in the robot (Fig. 3D) as well as in the fruit-fly experiment (3). Because the yaw
command was set to zero throughout the robotic experiment, these yaw accelerations
must be passively induced. In an effort to explain these, we constructed a simple
aerodynamic model, which was built around the flapping-counter-torque and flapping-
counter-force concepts (22).

Assuming a 2D case, making the quasi-steady assumption, and assuming only the
translational force component (4, 5), the flap averaged wing drag force can be expressed
as

171 )
D=— ! >PCo(a()SU (M)t (S5)

where T = 1/f is the wingbeat period, p the air density, Cp the drag coefficient at the angle
of attack «, S the wing area, U the wing air speed and t time.

We assume further that the body is moving with a constant forward speed Upody and
that the wing is flapped back and forth with a constant speed and a constant angle of
attack throughout each half stroke (i.e. both the speed due to flapping as well as the angle
of attack follow a rectangle function). The speed due to flapping can be expressed as

U, = 20Rf, (S6)

flap

where @ is the flapping amplitude, R is the distance from the flapping hinge point to the
wing’s center of pressure and f the flapping frequency. If the flapping speed is higher
than the body speed Unody, i.€. Usiap > Unogy (Fig. S23A), the integration in (S5) can be
under the above assumptions rewritten as
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Thus, the drag due to body motion can be represented by a linear damping force,
proportional to the body speed Unoay, but also to the flapping amplitude @ and flapping
frequency f, where the parameter b depends on the wing geometry and kinematics. While
many assumptions that were made do not hold for the real robot with a pair of highly
flexible wings following rather a harmonic motion, this model was shown to represent
well the forces of an insect-scale robot measured in the wind tunnel in the presence of
wind (29), and could even be used to develop a longitudinal dynamics model that could
represent the dominant oscillating motion of a hovering hummingbird-inspired robot_(11).

Here we generalize this concept to the problem of body yaw dynamics coupled with
motion in the horizontal body plane. Each wing pair is represented, in the wings-closed
position, by a point at the distance R from the wing hinges (Fig. S23B). The normal
component of the speed due to body motion can be expressed for the left (subscript L) and
right (subscript r) wing pair as

U =u+Vvl+rR,

U; =u-Vvl[-rR. (58)
where I' is the dihedral angle, u and v the body velocity in the longitudinal and lateral
body direction and r is the angular rate around the yaw axis of the body. Small angle
approximation of the trigonometric functions was used since the dihedral angle I
typically remains below 25°. Substituting the speed in (S8) for Unodgy in (S7), the drag
forces of the individual wing pairs become

D, =b® fU =bd f (u+vl[+rR),

(S9)
D, =bd,fU, =bd, f (u-VvI -rR).
Finally, the yaw torque acting on the body can be written as
N =R(D;-D,)=
=R[b®, f,(u—Vv[ —rR)—bd f (u+Vvl+IR)] (S10)

= —bR[(fo@p + fL® )(Rr + V) + (f D, — fudo)u].

The torque can be decomposed into three components

10



N=N_.+N +N

v&roll ! (Sll)

FCT u&roll

where Nrcr is the well-known flapping-counter-torque (22)
Neor = -bR*(f, @, + f @ )r, (S12)

Nugronl 1S a torque due to coupling of the roll torque generation mechanism (via flapping
frequency and/or flapping amplitude difference) with the forward body motion u

Nu&roll = _bR( qu)L - fR(DR)U, (813)

and Nvepitch IS @ torque due to coupling of the pitch torque generation mechanism (via
dihedral angle, sometimes also called the mean stroke angle) with the sideways body
motion v

N, picn = —PR(fr@p + f @ )V (S14)

We term the newly discovered torque due to coupling of roll and pitch torque generation
mechanisms with the body translation the “translation-induced coupled yaw torque”

Nrer =N =Neer = Nygron + Nygpiton- (S15)

Due to autopilot limitations, we could only log the flapping frequency of the right
wing pair. However, we were able to estimate the flapping frequency of both wings from
the motor commands. The relationship between the motor command and the (steady
state) flapping frequency fss was estimated from the linear fits of force balance
measurements in Fig. S1 as

f =0.20cmd,,,, +3.7C,,, —CV—C,W, (S16)
where Coatt is a correction factor added to account for the battery voltage drop as the on-
board battery discharges, and the cy and cw correction factors were added to account for
the drop of flapping frequency observed in the presence of lateral and vertical body
velocity, u and w, respectively. To further account for the actuator dynamics, a first order
transfer function was identified from the force balance data in Fig. S3M with a help of
MATLAB 2016a System Identification toolbox (MathWorks, Inc.)

f(s)  12.56
fe(s) s+1256

(S17)

The values of the correction factors giving the closest predictions were ¢, = 0.5 m™
and cw = 0.5 m™. The battery charge correction factor, with values between 0 and 1, was
tuned for each trial individually. A comparison of the measured and model predicted
flapping frequencies for the experiments reported in Fig. 2 is in Fig. S24A-E.
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Using the predicted flapping frequencies, we could estimate the yaw accelerations in
the series of experiments in Fig. 2. Since the flapping amplitude of the robot is always
constant (O = @ = Or = 44°), its yaw acceleration can be predicted as

r=|ﬁz—b(|);R[(fR+ fORr+(f — fou+(fa+ fIV]. (518)

y24 z

where 1 is the moment of inertia around the yaw axis. We assumed the drag force to be
acting in the middle of the wing in the spanwise direction. Including half of the body
width, we used a value of R = 98.4 mm The damping coefficient b was tuned to minimize
the error between the predicted and measured yaw accelerations, the value of 2.7e-3
N.s2.m™ was then used for all the trials. Comparison of the measured and predicted yaw
accelerations (Fig. S24F-J), shows that the model captures the dominant effects well,
which is also documented by the (in most cases) high correlation coefficients (Table S6).

The model was not directly applicable to the fruit-fly maneuvers due to the high
complexity of the observed wing motion patterns. However, we could estimate the yaw
acceleration due to the translation-induced coupled yaw torque as

fo = % (S19)

y24

to evaluate the correlation of this flapping-counter-torque corrected yaw acceleration to
the product of roll acceleration p (effect of roll torque production) with forward velocity

u and the product of pitch acceleration § (effect of pitch torque production) with
sideways velocity v (Fig. 4C).
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Supplementary Experimental Results

Force and torque generation performance

The force balance tests showed that the robot’s thrust scales approximately linearly with
the throttle command as well as with flapping frequency (Fig. S1A,B). The robot’s
operating point is close to the maximal thrust to power ratio, showing a good match of the
brushless motor and the load characteristic of the flapping wings (Fig. S1C).

The generated roll and pitch torques are almost completely decoupled and remain
approximately linear functions of the torque commands (Fig. S2, S4, S5), per design. The
standard deviations of the yaw torque are higher due to noise coming from a marginal
structural vibration, which was present in this axis when the robot was clamped. In all the
measurements, the thrust remained within £5% from the nominal case value (zero attitude
commands).

One of the advantages of the presented design is that torque production is
independent of the vertical center-of-mass (CoM) location. We specifically designed for
this independence, as in lightweight drones, small variations of heavier components (such
as the replaceable battery) can alter the CoM location. Our control torque generation
concept allows the CoM location, a parameter having a significant influence on the
robot’s flight dynamics (11), to be chosen almost completely freely. This insensitivity is
shown by means of experimental results in Fig. S5E,F, transformed to three
(significantly) different CoM locations: the nominal CoM, 50 mm above, and 50 mm
below the nominal CoM. The slight slope variation observed is caused by an imperfect
alignment of the flapping mechanisms and the wings, which resulted in non-zero,
command varying, horizontal forces, which in turn influenced the roll and pitch torques
after the transformation.

The bandwidth of the control actuation is characterized in Fig. S3, where step inputs
are commanded, individually, in the three torque axes. The rise times were all below
0.2 s, which is equivalent to ~3.4 wingbeats at the nominal flapping frequency.

Free flight performance
Our set of free flight experiments demonstrates the agility and control of our robot (Figs.
S9-S19).

Rapid transition from hover to fast forward and sideways flight and back

The rapid transitions from hover to forward / sideways flight (and vice-versa), initiated
by pitching / rolling are shown in Fig. S9 and Fig. S10, respectively. During the forward
flight transition (Fig. S9), angular acceleration of up to 3000° s? is reached, allowing the
vehicle to change its attitude from hover (0° pitch) to fast forward orientation (60° pitch)
or vice versa in less than 5 wingbeats. Despite no changes in the throttle command, the
vehicle quickly accelerates (up to 0.8 g in the early phase, where g is gravitational
acceleration) reaching a levelled flight speed of 4 m/s in approximately 1 second. The
high deceleration during the transition back to hover (-1.3 g in x direction) is due to a
particularly attractive property of flapping wing propulsion, the high aerodynamic
damping (22). When commanded a zero attitude, the robot will coast to a stop, while
stopping a conventional rotary-wing robot requires well-timed tilting in the opposite
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direction to the robot’s motion. Comparable performance was observed also in the lateral
direction (Fig. S10).

For these maneuvers, we also present the on-board attitude estimates, angular rates
and accelerations (Figs. S9G-I, S10D-F), which are in a good agreement with the off-
board motion tracking data.

Reproducibility tests

The repetitive tests of steps in pitch (Fig. S11) and roll (Fig. S12) demonstrate that the
robot maneuvers are highly reproducible, not only in the commanded attitudes, but also in
the resultant body rates, velocities and accelerations, as is demonstrated by the low
standard deviations of the captured data, represented by the shaded error bars. The
recording length was limited by the size of the tracking volume, therefore steady state
could not be reached for the larger setpoints.

Since the attitude control does not use an integrator term, steady state errors are
present, especially in the sideways flight test. Flying sideways is limited to approximately
4 m/s, when the vehicle does not manage to maintain a straight flight anymore and will
start yawing due to coupling with the pitch stabilization that uses the adjustable dihedral
angle. Forward flight speed is only limited by the power of the vehicle. The roll and yaw
“error” appearing around t = 0.4 s for the highest pitch set point is caused by the
singularity in the Euler angle description after transformation from the attitude
quaternions. The roll and yaw angular rates show that the vehicle does not rotate along
these axes in reality.

Rapid 360° roll and pitch up flips: barrel rolls and loopings

High agility as well as ability to recover from large disturbances is demonstrated by 360°
roll and pitch flip maneuvers (Figs. S13, S14). In these maneuvers, the robot reaches
angular rates of 1000° s and 800° st in roll and pitch, respectively, and angular
accelerations of approximately 5000° s, both in pitch and in roll. The 360° maneuvers
are completed within 0.7s, which is about 11 wingbeats.

Rapid banked turn inspired by the evasive maneuvers of fruit flies

The complete flight data for all the maneuvers in Figs. 2-4, S25 are presented in Figs.
S15, S16, S19, S21, S26. Considering the short duration of the OL phase (~4 wingbeats)
and random wingbeat cycle phases of the individual wing-pairs at its start, the variance of
time histories of individual trials in the systematic tests (Figs. 3B-D, 4E-H, S21, S26) is
low and shows a high level of repeatability of these experiments, especially in the
rotational movements (attitude, angular rates, accelerations). Moreover, despite the
extreme conditions reached while transitioning from forward flight to the high-bank turn,
the angular rates at the end of the OL phase remained approximately proportional to the
commands (Fig. S20). The slightly higher variance of the flight trajectories (Fig. 3A)
could partly be caused by the different initial conditions due to parameters that could not
be controlled directly (wingbeat phases of the left and right wing pair, velocity) and
partly by the nonlinearities experienced during the recovery phase.

14



Supplementary Figures
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Fig. S1.

Thrust measurement: (A) Thrust versus throttle command and (B) versus flapping frequency. Both relationships follow a linear trend
(black dashed line) with respective R-squared values of 0.999 and 0.997. (C) Lift per electrical power versus flapping frequency. The
measurements were carried out with a single flapping mechanism driven by the ESC (blue, multiplied by 2) and with the complete
robot with two such mechanisms, the autopilot and the servo-actuators (red line). The dotted line shows the operating point (robot
without any payload).
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Measurements of torque command steps performed at 50% throttle command. (A-D)
Roll torque steps measurements; (E—H) Pitch torque steps measurements; (I-L) Yaw
torque steps measurements. (A) Roll command; (E) Pitch command; (1) Yaw command,;
(B, F, J) Roll torque; (C, G, K) Pitch torque; (D, H, L) Yaw torque. The torque data
were low-pass filtered with a 4™ order Butterworth filter, 5Hz cut-off. (M) Measurements
(solid) of flapping frequency and their prediction (dashed) by the identified actuator
dynamics during the roll torque steps in (B-J); Left and right wing pairs are plotted in red
and blue, respectively.
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Measurements of combined pitch and roll commands performed at 50% throttle
command and 0% yaw command. (A) Roll torque; (B) Pitch torque; (C) Yaw torque; (D)
Relative electrical input power difference from the nominal value (3.91 W); (E) Relative
thrust difference from the nominal value (0.219 N).
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Connection diagram of the on-board electronics (GND = ground, VCC = positive supply
voltage, PWM = pulse width modulation, TIM = timer, PPM = Pulse Position
Modulation, SPI = Serial Peripheral Interface bus).
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Schematics of the on-board controller: (A) Reference generator; (B) Bio-inspired attitude
controller with proportional and derivative terms (equivalent to the PI controller on rates
used by flies). The controller structure is identical for pitch and roll. During the rapid
banked turns, the autopilot deactivates the attitude control loops and uses an open loop
(OL) program instead. (C) The yaw loop employs only the proportional term and an extra
feedforward term. The autopilot can also switch to an OL program. (A-C) The control
parameter values are listed in Table S3.
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Fig. S8.

The robot with reflective markers of the motion tracking system and the autopilot soft
mount. (A) Four approximately spherical markers defining the body. (B) Two additional
flat circular markers (5 & 6) are used for tracking the adjustable dihedral angle (top
view). (C) Detail on the autopilot mount made of soft PU foam, which serves as a
vibration isolator.
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Fig. S9.

Rapid transition from hover to fast forward flight and vice versa. (A) A composite image of high speed camera frames, captured at
constant time intervals of 0.1 s (approx. 1.7 wingbeats). In overlay, the speed and acceleration vectors are represented by blue and red
arrows, respectively, scaled according to the scale bars on the bottom left. (B) A close-up on the flying vehicle in hover and (C) in
forward flight. (D-L) The flight data captured during the maneuver. (D) Command to the dihedral control mechanism; (E) Dihedral
angle; (F) the thrust command; (G) pitch angle; (H) pitch rate; (1) pitch acceleration. (G-1) Motion tracking data (solid line), on board
estimate (dotted line) and the setpoint given by the pilot (the dashed line). (J) Position, (K) velocity and (L) acceleration in the
ground-fixed x-axis.
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Rapid transition from hover to sideways flight and vice versa. (A) Roll commands; (B) Flapping frequency of the right wing-pair; (C)
Thrust command; (D) Roll angle; (E) Roll rate; (F) Roll acceleration. (D—F) Motion tracking data (solid line), on board estimate
(dotted line) and the setpoint given by the pilot (the dashed line). (G) Position, (H) speed and (1) acceleration in the ground-fixed y-
axis.
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Fig. S11.

Reproducibility tests for transition from hover to forward flight with various pitch setpoints, color-coded according to the legend in
panel (J). (A—C) Body attitude: (A) roll, (B) pitch, (C) yaw. (D-F) Body angular rates: (D) roll rate, (E) pitch rate, (F) yaw rate. (G-I)
Body velocities (body frame): (G) x-velocity, (H) y-velocity, (1) z-velocity. (J) Angular rate magnitude; (K) Speed; (L) Acceleration.
Thick lines represent the averages and the shaded error bars the uncertainty (+ standard deviation). The commanded pitch setpoints are
shown by the black dashed line in panel (B).
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Reproducibility tests for transition from hover to sideways flight with various roll setpoints, color-coded according to the legend in
panel (J). (A-C) Body attitude: (A) roll, (B) pitch, (C) yaw. (D—F) Body angular rates: (D) roll rate, (E) pitch rate, (F) yaw rate. (G-I)
Body velocities (body frame): (G) x-velocity, (H) y-velocity, (1) z-velocity. (J) Angular rate magnitude; (K) Speed; (L) Acceleration.
Thick lines represent the averages and the shaded error bars the uncertainty (+ standard deviation). The commanded roll setpoints are

shown by the black dashed line in panel (A).
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Fig. S13.

A 360° roll flip maneuver. (A) A sequence visualizing the robot at constant time intervals (0.125 seconds); to avoid overlap,
individual time frames are shifted horizontally by a constant distance. The black line represents the flight trajectory, magenta and blue
arrows the velocity and acceleration vectors, respectively, scaled according to the scale bar on the left. The thrust command to the
individual wing-pairs is represented by their color, with the scale according to the color-bar on the top left. The bars at the bottom
show individual phases of the maneuver; the same color coding is used in all the remaining panels. (B-J) The flight data recorded
during 5 trials. The black thick line represents the mean, blue the individual trials, and gray shaded error bar the uncertainty (+3
standard deviations). (B—C) Commands to the left (B) and right (C) flapping mechanisms; (D) Flapping frequency of the right wing-
pair; (E) Integrated roll rate; (F) Roll rate; (G) Roll acceleration; (H) Height; (1) Vertical velocity; (J) Vertical acceleration.
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Fig. S14.

A 360° pitch flip maneuver. (A) A sequence visualizing the robot at various phases of the maneuver, with variable time intervals at
correct spatial locations. The magenta and blue arrows represent the velocity and acceleration vectors, respectively. The thrust
command to the individual wing-pairs is represented by their varying color, with the scale according to the color-bar at the bottom of
the panel. (B-J) The flight data recorded during 5 trials. The black thick line represents the mean, blue the individual trials, and grey
shaded error bar the uncertainty (=3 standard deviations). The color shading corresponds to the respective maneuver phases as in Fig.
S13. (B) Pitch command; (C) Command to the right flapping mechanism; (D) Flapping frequency of the right wing-pair; (E)
Integrated pitch rate; (F) Pitch rate; (G) Pitch acceleration; (H) Height; (1) Vertical velocity; (J) Vertical acceleration.
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Flight data for the maneuver in Fig 2A. (A-D) The actuator commands: (A) roll actuator command, (B) pitch actuator command, (C)
yaw actuator command, (D) throttle command. (E-G) Body attitude: (E) roll, (F) pitch, (G) yaw. (H) Course. (I-K) Body angular
rates: (1) roll rate, (J) pitch rate, (K) yaw rate. (L) Turn rate. (M-O) Body angular accelerations: (M) roll acceleration, (N) pitch
acceleration, (O) yaw acceleration. (P) Body speed; (Q) Flapping frequency of the right wing-pair; (R) Dihedral angle; (S) Sideslip

angle. The gray background in all the panels highlights the OL phase of the maneuver.
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Fig. S16.

Flight data for the maneuver in Fig 2C. (A-D) The actuator commands: (A) roll actuator command, (B) pitch actuator command, (C)
yaw actuator command, (D) throttle command. (E-G) Body attitude: (E) roll, (F) pitch, (G) yaw. (H) Course. (I-K) Body angular
rates: (I) roll rate, (J) pitch rate, (K) yaw rate. (L) Turn rate. (M-O) Body angular accelerations: (M) roll acceleration, (N) pitch
acceleration, (O) yaw acceleration. (P) Body speed; (Q) Flapping frequency of the right wing-pair; (R) Dihedral angle; (S) Sideslip
angle. The gray background in all the panels highlights the OL phase of the maneuver.
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Comparison of the scaled flight data for the robot maneuver in Fig. 2A (red lines) and the
fruit fly maneuver in Fig. 2B (blue lines). The lengths and time were scaled by wing
length and wingbeat cycle time (fly) or half of wingbeat cycle time (robot), respectively.
(A—C) Body angular rates: (A) roll rate, (B) pitch rate, (C) yaw rate. (D) Sideslip angle;
(E) Course; (F) Speed. (G-1) Body attitude: (G) roll, (H) pitch, (1) yaw. (J-L) Body
velocities: (J) velocity in body x-direction; (K) velocity in body y-direction, (L) velocity
in body z-direction. (M) Flight trajectory (top view). The circle represents the position at
the start of the maneuver.
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Comparison of the scaled flight data for the robot maneuver in Fig. 2C (red lines) and the
fruit fly maneuver in Fig. 2D (blue lines). The lengths and time were scaled by wing
length and wingbeat cycle time (fly) or half of wingbeat cycle time (robot), respectively.
(A-C) Body angular rates: (A) roll rate, (B) pitch rate, (C) yaw rate. (D) Sideslip angle;
(E) Course; (F) Speed. (G-I) Body attitude: (G) roll, (H) pitch, (I) yaw. (J-L) Body
velocities: (J) velocity in body x-direction; (K) velocity in body y-direction, (L) velocity
in body z-direction. (M) Flight trajectory (top view). The circle represents the position at
the start of the maneuver.
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Flight data for the maneuver in Fig 2E. (A-D) The actuator commands: (A) roll actuator command, (B) pitch actuator command, (C)
yaw actuator command, (D) throttle command. (E-G) Body attitude: (E) roll, (F) pitch, (G) yaw. (H) Course. (I-K) Body angular
rates: (1) roll rate, (J) pitch rate, (K) yaw rate. (L) Turn rate. (M-O) Body angular accelerations: (M) roll acceleration, (N) pitch
acceleration, (O) yaw acceleration. (P) Body speed; (Q) Flapping frequency of the right wing-pair; (R) Dihedral angle; (S) Sideslip
angle. The gray background in all the panels highlights the OL phase of the maneuver.
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y = 1.2e-01*x
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pitch command (%)

The angular rates reached at the end of the OL phase of the maneuvers in Fig. 3 remain
approximately linear functions of the commands. (A) Roll rate p against roll command;
(B) Pitch rate g against pitch command. (A, B) Blue line shows the average of all the
trials, and the errorbars show +s.d., black dashed line represents a linear fit.
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Flight data for the maneuvers in Fig 3. (A-D) The actuator commands: (A) roll actuator command, (B) pitch actuator command, (C)
yaw actuator command, (D) throttle command. (E-G) Body attitude: (E) roll, (F) pitch, (G) yaw. (H) Course. (I-K) Body angular
rates: (I) roll rate, (J) pitch rate, (K) yaw rate. (L) Turn rate. (M-O) Body angular accelerations: (M) roll acceleration, (N) pitch
acceleration, (O) yaw acceleration. (P) Body velocity. (Q) Flapping frequency of the right wing-pair. (R) Dihedral angle. (S) Sideslip
angle. The data is color coded according to the legend in panel (T), thin lines are individual trials, thick lines the averages. The gray
background in all the panels highlights the OL phase of the maneuver.
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Comparison of rapid banked turns performed by the robot (A-I) and by fruit flies (J-R)
for various g/p, color coded according to the colorbar in panel (G). Each line represents
an average of multiple maneuvers (Fig. S21, (3)). The lengths and time were scaled by
wing length and wingbeat cycle time (fly) or half of wingbeat cycle time (robot),
respectively. (A-C, J-L) Body angular rates: (A, J) roll rate, (B, K) pitch rate, (C, L)
yaw rate. (D-F, M-O) Body velocities: (D, M) velocity in body x-direction; (E, N)
velocity in body y-direction, (F, O) velocity in body z-direction. (G, P) Sideslip change;
(E, N) Course change; (F, O) Speed change.
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A drag-based model explaining the high yaw accelerations during the recovery phase of
the rapid banked turn. (A) A 2D wing section moving in the direction of the free stream
during the downstroke and opposite to its direction during the upstroke. (B) Top view
diagram showing the effect of the damping forces due to body motion in the horizontal
plane on the yaw dynamics. The resultant torque consists of three components: (C)
flapping-counter-torque; (D) torque due to coupling of forward velocity with roll torque
generation mechanism via flapping frequency and/or amplitude difference; (E) torque
due to coupling of sideways velocity with pitch torque generation mechanism via
dihedral (i.e. mean stroke) angle.
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Fig. S24.

The yaw accelerations observed during the banked turn can be explained by coupling of
pitch and torque generation mechanisms with horizontal body motion. (A-E) Yaw
accelerations predicted by the model and measured. Individual model components are
color coded according to the legend at the bottom of panel E. (F-J) Flapping frequencies
estimated by the model and the measured right wing flapping frequency. (A, F) Turns
with g/p = 0.35. (B, G) Turns with g/p = 0.50. (C, H) Turns with g/p = 0.84. (D, I) Turns
with g/p = 1.34. (F, J) Turns with g/p = 2.06.
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The sideslip experienced at the end of the turn can be eliminated by active yaw steering without a noteworthy influence on the rest of
the maneuver dynamics. Thin lines are individual trials, and thick lines series averages. (A, B) Tests without active yaw steering. (C,
D) Tests with maximum yaw torque production during the recovery phase. (A-D) Top view of trajectories; for one trial, the robot is
displayed at the beginning of the OL phase (t = 0 s) and at t = 0.8 s. The gray arrows represent the angular rates vector at the end of the
OL phase, and the magenta and blue arrows show flight speed and acceleration, respectively, see scale bar in (B). (E-H) Time
histories of maneuver kinematics, whereby line colors match those in (A-D); the OL phase is highlighted by a gray background, and is
immediately followed by the recovery phase. (E) Turn rate (rate of change of course); (F) Course; (G) Sideslip; (H) Body speed
(velocity vector magnitude); (1) Definition of course and sideslip. (J) Representation of yaw command.
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Flight data for the maneuvers in Fig S25. (A-D) The actuator commands: (A) roll actuator command, (B) pitch actuator command,
(C) yaw actuator command, (D) throttle command. (E-G) Body attitude: (E) roll, (F) pitch, (G) yaw. (H) Course. (I-K) Body angular
rates: (1) roll rate, (J) pitch rate, (K) yaw rate. (L) Turn rate. (M-O) Body angular accelerations: (M) roll acceleration, (N) pitch
acceleration, (O) yaw acceleration. (P) Body velocity. (Q) Flapping frequency of the right wing-pair. (R) Dihedral angle. (S) Sideslip
angle. The data is color coded according to the legend in panel (T), thin lines are individual trials, thick lines the averages. The gray
background in all the panels highlights the OL phase of the maneuver.
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Supplementary Tables

Table S1.
List of robot components and their weight.

Component Number | Unit Weight

Lisa/S autopilot 1 2.12 ¢
DelTang Rx31 receiver 1 0.27¢g
MX-3A ESC 2 0.38¢g
HK-5330 servo actuator (removed casing) 2 1.63¢
microSD card 2GB 1 0.24¢
Hyperion CX G2 25C 180 mAH LiPo battery 1 4.70 g
BL DC motor 2 1439
Flapping mechanism 2 2.38 ¢
Wing-pair (including leading and root edges) 2 1.19¢
Control mechanisms (total) 1 1.35¢g
Robot structure (total) 1 2.50 ¢
Wiring, glue & other (total) 1 3.07¢g
Tracking markers + structure (total) 1 1.61¢
TOTAL WEIGHT (no payload) 28.24 g

TOTAL WEIGHT (with tracking markers) 29.85 g

Table S2.
The mass and inertial properties of the robot. The values in front of the brackets represent the
inertial properties for the nominal dihedral angle (/o = 0°), the two values inside the brackets

represent the Tmin = -17° and /max = +17° cases, respectively. The CoM position [Xcom, Ycom,
Zcom] is given with respect to the intersection of the leading-edge plane and the yaw axis in

Fig. 1H.

Parameter Without tracking markers With tracking markers
1o (Fmin, Fmax) 1o (rmin, Fmax)

Weight (g) 28.24 29.85

lx (kg.m?) 9.20 e-5 (9.07 e-5, 8.93 e-5) 1.02 e-4 (1.01 e-4, 9.96 e-5)

lyy (kg.m?) 6.73 e-5 (6.83 e-5, 6.89 e-5) 7.87 -5 (7.95 e-5, 8.05 e-5)

|z (kg.m?) 3.18 e-5 (3.13 -5, 3.02 &-5) 3.54 e-5 (3.48 e-5, 3.38 e-5)

Ly (kg.m?) 2.11e-10 (-1.44 -9, 1.75 e-9) -2.78 e-7 (-2.60 e-7, 2.94 e-7)

lyz (kg.m?) 1.50 e-8 -3.97 e-7

l2x (kg.m?) -9.92 e-6 (-5.93 e-6, 1.35 e-5) -9.15 e-6 (-5.67 e-6, -1.22 e-5)

Xcom (MmM) 0.56 (-3.84, 4.66) -0.03 (-4.17, 3.82)

Ycom (Mm) -0.01 0.14

Zcom (MmM) 55.0 51.2
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Table S3.

Parameters of the control loops in Fig. S3.

Parameter Value
OM (roll & pitch) 800° st
Zeta (roll & pitch) 0.85
Mmax (rOII & pltCh) 400° st
aimax (roll & pitch) 8000° st
LP filter cutoff (roll & pitch) | 15 Hz
Proll 0.625 rad™*
Droll 0.160 s.rad
Ppitch 1.625 rad?
Dhitch 0.210 s.rad™*
OM (yaw) 500° s
Zeta (yaw) 0.85
®max (Yaw) 90° st
Olmax (Yaw) 900° st
LP filter cutoff (yaw) 10 Hz
Pyaw 0.833 rad*
FFyaw 0.011 s.rad
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Table S4.

Summary of all the experiments, including the tracking quality.

Marker Quality

E);p. Figure(s) mean Description Camera setup
(standard deviation)
1 Fig. S13 2.2E-03 Roll flips 10 x Prime 17W @ 360 fps
' (3.2E-04)
2 Fig. S14 é;’ggj) Pitch flips 10 x Prime 17W @ 360 fps
Figs. S9, 1,0E-03 . .
4 10 (4,5E-04) Pitch & roll step 10 x Prime 17W @ 360 fps
. 8.7E-04 Rapid banked turn
13 Fig. 2E-1 (2.8E-04) (q/p = 0.54) 24 x Flex 13 @ 56 fps
. 1.3E-03 Rapid banked turn .
36 Fig. 2C (6.9E-04) (q/p = 1.67) 10 x Prime 17W @ 120 fps
Figs. 3, 1.8E-03 Rapid banked turns .
54 $20-522 (L1E-03) (q/p = 1.34) 10 x Prime 17W @ 120 fps
Figs. 3, 1.9E-03 Rapid banked turns .
55 $20-522 (9.9E-04) (q/p = 0.5) 10 x Prime 17W @ 120 fps
Figs. 2A, 3, 2.0E-03 Rapid banked turns .
56 $20-522 (1.3E-03) (q/p = 0.35) 10 x Prime 17W @ 120 fps
Figs. 3, 3.1E-03 Rapid banked turns .
57 $20- S22 (4.7E-03) (q/p = 2.06) 10 x Prime 17W @ 120 fps
Figs. 3, 1.9E-03 Rapid banked turns .
58 $20- S22 (2.3E-03) (q/p = 0.84) 10 x Prime 17W @ 120 fps
Figs. S25, 7.6E-04 Rapid banked turns .
76 $26 (3.3E-04) (q/p = 2.63) 12 x Prime 17W @ 360 fps
Figs. S25, 7.9E-04 Rapid banked turns .
77 526 (3.5E-04) with yaw (a/p = 2.6) 12 x Prime 17W @ 360 fps
Figs. S25, 8.2E-04 Rapid banked turns .
78 $26 (5.26-04) (q/p = 0.94) 12 x Prime 17W @ 360 fps
Figs. S25, 1.6E-03 Rapid banked turns .
] s (3.6E-03) with yaw (q/p = 0.84) | 2 XPrime 17W @ 360 fps
. 1.3E-03 Repetition maneuvers .
94 Fig. S11 (5.3E-04) (pitch steps 0° to 60°) 12 x Prime 17W @ 200 fps
. 1.3E-03 Repetition maneuvers .
95 Fig. S12 (4.5E-04) (roll steps 0° to 15°) 12 x Prime 17W @ 200 fps
. 1.4E-03 Repetition maneuvers .
98 Fig. S12 (6.3E-04) (roll steps 0° to 60°) 12 x Prime 17W @ 200 fps
. 1.5E-03 Repetition maneuvers .
99 Fig. S12 (L1E-03) (roll steps 0° to 45°) 12 x Prime 17W @ 200 fps
. 1.3E-03 Repetition maneuvers .
100 Fig. S12 (4.3E-04) (roll step 0° to 30°) 12 x Prime 17W @ 200 fps
. 1.3E-03 Repetition maneuvers .
101 Fig. S11 (7.8E-04) (pitch steps 0° to 30°)_ 12 x Prime 17W @ 200 fps
. 1.1E-03 Repetition maneuvers .
102 Fig. S11 (4.5E-04) (pitch steps 0° to 15°) 12 x Prime 17W @ 200 fps
. 1.2E-03 Repetition maneuvers .
103 Fig. S11 (8.7E-04) (pitch steps 0° to 45°) 12 x Prime 17W @ 200 fps
104 | Fig. S11 1.2E-03 Repetition maneuvers 12 x Prime 17W @ 200 fps

(1.0E-03)

(pitch steps 0° to 75°)




Table S5.

Correlation coefficients and normalized root-mean-squared errors between the robot and the fruit
fly scaled data in Fig. S17 and Fig. S18.

Maneuvers in
Fig. 2A,B and Fig. S17

Maneuvers in
Fig. 2C,D and Fig. S18

Variable Pearson’s Normalized Pearson’s Normalized
correlation root-mean- correlation root-mean-
coefficient squared error coefficient squared error

X position 0.99 0.07 0.92 0.13

Yy position 0.99 0.20 1.00 0.27

Z position 0.01 0.85 -0.74 4.90

roll rate 0.97 0.30 0.77 0.26

pitch rate 0.83 0.25 0.89 0.20

yaw rate 0.97 0.11 0.58 0.29

u velocity 0.66 0.26 0.61 0.50

v velocity 0.99 0.21 0.95 0.57

w velocity 0.75 0.89 -0.10 0.48

course 0.99 0.06 0.98 0.16

sideslip 0.92 0.16 0.98 0.13

speed 1.00 0.30 -0.34 0.51

roll 0.95 0.24 0.94 0.13

pitch 0.88 0.87 0.75 0.73

yaw 0.90 0.50 0.98 0.27
Table S6.

Correlation coefficients between the measured yaw accelerations and the yaw accelerations
predicted by the translation-induced coupled yaw torque for the data presented in Fig. S24.

Pitch-to-roll Pearsm}’s
rate ratio g/p corre I_atlon
coefficient ¢,

0.35 0.75
0.50 0.89
0.84 0.91
1.34 0.90
2.06 0.21
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Supplementary Movie Legends

Movie S1.

High-speed video recording (1000 fps) of the robot prototype in hovering flight, whereby the
autopilot maintains stable flight of the inherently unstable flight platform. The movie shows the
maneuver twice, first in real-time and then slowed down 33 times.

Movie S2.

High-speed video recording (1000 fps) capturing the robot prototype during the pitch maneuver
described in the section ‘Rapid transitions from hover to fast forward/sideways flight and back’
(18). During the maneuver, the robot transitioned from hover to forward flight by rapidly
pitching forward, and then pitched back again to return to a hover condition. The movie shows
the maneuver twice, first in real-time and then slowed down 33 times.

Movie S3.

High-speed video recording (1000 fps) capturing the robot prototype during the roll maneuver
described in the section ‘Rapid transitions from hover to fast forward/sideways flight and back’
(18). During the maneuver, the robot transitioned from hover to sideways flight by rapidly
rolling sideways, and then roll back again to return to a hover condition. The movie shows the
maneuver twice, first in real-time and then slowed down 33 times.

Movie S4.

High-speed video recording (240 fps) capturing the robot prototype rapidly accelerating from
hover to fast forward flight, as part of the reproducibility test experiments (18). During the
maneuver, the robot transitioned from hover to a set forward body pitch angle. The movie shows
the maneuver three times: twice in real-time, and once slowed down 16 times.

Movie S5.

High-speed video recording (240 fps) capturing the robot prototype making 360° roll flip
maneuver, as described in the section ‘Rapid 360° roll and pitch up flips: barrel rolls and
loopings’ (18). The movie shows the maneuver three times, twice in real-time and once slowed
down 16 times.

Movie S6.

High-speed video recording (240 fps) capturing the robot prototype making 360° pitch flip
maneuver, as described in the section ‘Rapid 360° roll and pitch up flips: barrel rolls and
loopings’ (18). The movie shows the maneuver three times, twice in real-time and once slowed
down 16 times.

Movie S7.

High-speed video recording (240 fps) of the robot prototype making a fly inspired rapid banked
turn, as described in the section ‘Rapid banked turns inspired by the evasive maneuvers of fruit
flies’ (18). The movie shows the maneuver three times, twice in real-time and once slowed down
16 times.
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Movie S8.

Animation of the comparison between the fly-inspired rapid banked turn (Fig. 2A, movie slowed
down 16 times) and the original maneuver by the fruit fly (Fig. 2B, movie slowed down 150
times) (3). The difference in size between the robot and fruit fly is indicated by the scale bars in
the video, representing the wing span of the robot and fly. The wing motion of the robot is for
illustration purposes only; the flapping frequency was estimated using the on-board recorded
commands.

Movie S9.

Animation of the comparison between the fly-inspired rapid banked turn (Fig. 2C, movie slowed
down 16 times) and the original maneuver by the fruit fly (Fig. 2D, movie slowed down 150
times) (3). The difference in size between the robot and fruit fly is indicated by the scale bars in
the video, representing the wing span of the robot and fly. The wing motion of the robot is for
illustration purposes only; the flapping frequency was estimated using the on-board recorded
commands.

Movie S10.

Animation of the fly-inspired rapid banked turn of Fig. 2E (g/p = 0.54), as described in the
section ‘Rapid banked turns inspired by the evasive maneuvers of fruit flies’ (18). The animation
was upsampled to 120 fps and replayed at 20 fps, and thus movie playback is slowed down 6
times. The three-dimensional trajectory is shown by the magenta dotted line, and the trajectory
projections are shown as black dotted lines. Wings are color-coded with percentage motor
command, see color bar. The flight phase, time t, speed U, and roll, pitch and yaw angle
throughout the maneuver are provided in the top left of the movies. The wing motion of the robot
is for illustration purposes only; the flapping frequency was estimated using the on-board
recorded commands.
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