SCIENCE ROBOTICS | RESEARCH ARTICLE

BIOMIMETICS

A bioinspired revolving-wing drone with passive
attitude stability and efficient hovering flight

Songnan Bai', Qingning He?, Pakpong Chirarattananon'*

Among small rotorcraft, the use of multiple compact rotors in a mechanically simple design leads to impressive
agility and maneuverability but inevitably results in high energetic demand and acutely restricted endurance.
Small spinning propellers used in these vehicles contrast with large lifting surfaces of winged seeds, which spon-
taneously gyrate into stable autorotation upon falling. The pronounced aerodynamic surfaces and delayed stalls
are believed key to efficient unpowered flight. Here, the bioinspired principles are adopted to notably reduce the
power consumption of small aerial vehicles by means of a samara-inspired robot. We report a dual-wing 35.1-gram
aircraft capable of hovering flight via powered gyration. Equipped with two rotors, the underactuated robot with
oversized revolving wings, designed to leverage unsteady aerodynamics, was optimized for boosted flight effi-
ciency. Through the analysis of flight dynamics and stability, the vehicle was designed for passive attitude stability,
eliminating the need for fast feedback to stay upright. To this end, the drone demonstrates flight with a twofold
decrease in power consumption when compared with benchmark multirotor robots. Exhibiting the power load-
ing of 8.0 grams per watt, the vehicle recorded a flight time of 14.9 minutes and up to 24.5 minutes when equipped
with a larger battery. Taking advantage of the fast revolving motion to overcome the severe underactuation, we
also realized position-controlled flight and illustrated examples of mapping and surveillance applications with a
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21.5-gram payload.

INTRODUCTION

Micro-aerial vehicles (MAVs), or drones, have received increasing
attention and developments over the past several years. The ad-
vancements in actuation (I), sensing (2), and flight autonomy (3)
have enabled small human-friendly aircraft to be widely commer-
cialized and deployed (4-6). Flight, however, is energetically expen-
sive. The issue is aggravated when the platforms are scaled down
(7, 8). The reduction in Reynolds numbers (Re) reflects the growing
influence of viscous forces, adversely affecting the lift-to-drag ratio
and aerodynamic efficiencies. This is exacerbated by the rise in fric-
tional losses from transmissions, gearboxes, bearings, etc. and the
decrease in power density of electromagnetic motors.

At centimeter scales, established aerial platforms capable of hover-
ing flights are multirotor vehicles and bioinspired flapping-wing
robots. When scaled down, both morphologies grossly suffer from
energetic deficiencies in different manners. Small propellers, operat-
ing at fast spinning rates and elevated disk loading (ratio of thrust
over the rotor disk area, DL), experience strong downwash and di-
minishing aerodynamic efficiency (9, 10). In the meantime, the sys-
tem efficacy benefits from the direct propulsion from motors that are
mostly devoid of mechanical losses from a gearbox or transmission.
On the contrary, flapping-wing MAVs, which have demonstrated
sustained flight with power autonomy by leveraging unsteady aero-
dynamics (11) and relatively large planforms (12, 13, 14, 10), have
displayed aerodynamic efficiencies rivaling (15) or even superior (16)
to spinning propellers. However, the sophisticated transmissions
required to aggressively step down the frequency or create recipro-
cating wing kinematics usually incur considerable frictional losses,
regardless of whether it is a gearbox needed for direct drive mechanisms
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(14) or a gear train and a crank rocker mechanism for indirect drive
systems (12, 13, 10). As a consequence, the overall power efficiency of
a small aerial vehicle is inevitably compromised in one way or another
(17); flight times of small drones shorten to minutes (7). In an attempt
to work around the limitations of each platform, researchers have
proposed lighter manufacturing materials (18, 19) and introduced flyers
with multimodal locomotion (20). Surface locomotion, or perching,
allows small MAVs to conduct prolonged operations while resting
(21-23). These solutions, however, do not directly tackle the cause of
demoted efficiency of small aircraft.

To improve the endurance of centimeter-scale MAVs, in this work,
we renewed our efforts to draw inspiration from nature. Previously,
fruit flies, hummingbirds, and swifts served as model organisms for
piezoelectric-actuated insect-sized (24, 21, 25) and motorized ro-
botic flappers (12-14, 10). As briefly mentioned, unsteady mecha-
nisms displayed by different species of insects—namely, delayed stall,
rotational circulation, and wake capture (11)—have been exploited by
several flapping-wing robots as key enhancers of aerodynamic per-
formance. Apart from insects and avians, a large number of plants—
including maple, sycamore, and spruce—produce a distinct type of
natural flyers known as winged achenes (26) or samara. Upon falling, a
samara enters autorotation and slows down the descent, increasing
the dispersing distance when transported by wind, and updrafts up
to several kilometers (26). The stable rotation of these helicopter seeds
is attributed to their inertial and aerodynamic properties (27). Structurally,
the blade of a samara essentially functions as a wing. Like insect wings,
rotary seeds, varying in size from 1 cm (26) to 30 cm (28), operate
at high angles of attack. A prominent leading-edge vortex (LEV)
generated through autorotation has been shown to be responsible
for the delayed stall and resultant elevated lift and drag (29). This
motivates us to translate these unique passive flight principles into
an aerial robot with promoted hovering efficiency.

Thus far, relatively few samara-inspired vehicles have been real-
ized (30-39). The concept of autorotating wings for extended descent
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times has been directly replicated as mono-wing platforms for soft
landings (33) and direction-controlled autorotating flight (37). These
electroaero-mechanical devices, with samara-like wings, facilitate safe
aerial deployment of sensors or lightweight payloads. Early attempts
to adopt the bioinspired principle to engineer powered rotary-wing
aircraft directly mimicked the monocopter design (30-32). A mo-
torized propeller was selected for propulsion. The torque generated
from the thrust device resulted in the wing rotation that produced
lift. With an added servo for collective wing pitch control, akin to
the flap control of conventional aircraft, the flight path was success-
fully manipulated. Owing to the convoluted flight mechanism and
unconventional aerodynamic interactions, major efforts were re-
quired to experimentally test over 100 iterative designs to yield a
vehicle with the desired passive stability and satisfactory flight per-
formance (31). Flight energetics and its contributing factors of such
vehicles are yet to be thoroughly modeled and investigated.

With an emphasis on energetic efficiency, we introduce a samara-
like robot. With an appearance reminiscent of human-scale tip-jet
helicopters (40-43) (refer to Discussion for further comparison),
the 35-g vehicle features twofold rotational symmetry (Fig. 1A and
Movie 1), similar to a much heavier counterpart in (36) and our
preliminary prototype (44). Compared with multirotor vehicles, the
proposed platform mitigates the inefficiency of small propellers
with inferior power loading (thrust per unit input power, PL) through
the augmentation of large gyrating wings for lift generation, relegat-
ing the role of propellers to the production of yaw torque that in-
duces the wings’ revolving motion. The effective power loading of
the robot is, therefore, determined by the ratio of lift generated via
the wings to the consumed electrical power. The sizable wings,
operating at Re ~ 2.5 x 10* at a fixed pitch angle, take advantage of
unsteady aerodynamics and low disk loading for improved power
loading [PL o< DL™""* when only aerodynamic power is taken into
account (9)]. The disk loading of the proposed robot is 0.12 kg/mz,
one and two orders of magnitude lower than the 500-g revolving-
wing vehicle in (35) and other small rotorcraft (45), respectively.
Meanwhile, using two small motor-driven propellers instead of one
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motor to directly power the wings in a helicopter-like or monocop-
ter configuration resolves the mismatch between the low torque and
fast rotation of small motors and the relatively large aerodynamic
load and slow rotation of enlarged wings. The symmetrical configu-
ration, despite departing from natural winged seeds, radically sim-
plifies the associated flight dynamics. This allows tractable models
for aerodynamics, actuation efficiency, and vehicle stability to be
derived and thereby enables the configuration of the revolving-wing
robot powered by a pair of motor-driven propellers to be optimized
for system-level power efficiency.

A flight capable prototype was fabricated, accompanied with the
design guidelines to assure passive attitude stability. The resultant
samara-inspired vehicle achieved stable hovering flight with the
power loading more than twice as high as other aerial robots of sim-
ilar weights, without the need for fast attitude feedback to stay aloft.
The reported results consist of the characterization of aerodynamics
and actuation efficiency, optimized vehicle configurations, dynamic
and stability analysis, flight tests with detailed verification of the power
efficiency, and flight endurance benchmarked against conventional

Movie 1. Overview of the bioinspired revolving-wing drone.

T propeller 1

Fig. 1. Design and working principles of the propeller-driven samara-inspired robot. (A) Photography of the revolving-wing robot. The scale bar illustrates the size
of the flight control board (80 mm). (B) Schematic diagram of the robot depicting the nominal flight dynamics and the definition of coordinate frames. The blue and orange

arrows designate forces and torques, respectively.
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rotorcraft and motorized flapping-wing vehicles. The discussion of
systemic power consumption and example applications are provided.

RESULTS

Robot design and flight principles

To create an aerodynamically efficient robot that leverages a stable
LEV, we use a bioinspired approach. Rather than directly mimick-
ing the geometry of maple seeds with mono-wing designs (31-34),
the 35.1-g samara-inspired robot features oppositely placed flat wings,
two horizontally directed motor-driven clockwise-spinning propel-
lers, and centrally located flight electronics (Fig. 1A). The symmet-
ric design guarantees that the robot stays upright in hovering flight,
while the horizontal propeller placement ensures that they primari-
ly take the role in the torque generation. The conditions lead to a
tractable dynamic model suitable for design optimization, stability
analysis, and flight control.

To stay aloft, the vertical thrust T is produced by the revolving
wings, countering the gravity (Fig. 1B). In operation, the thrust pro-
duced by two motor-driven propellers (¢,1, t,) located at the dis-
tance rp, from the robot’s vertical axis (Z) results in net yaw torque
of 2t,ry, inducing the rotating motion. In equilibrium, the wings
gyrate at a steady angular velocity Q, experience aerodynamic drag
torque Q, and collectively generate vertical thrust T, leading to the
balanced conditions

T = mgand Q = 2,1y (1)
where mg is the weight of the vehicle and t,; = t,, = t,,. To achieve
high energetic efficiency, it is vital to model the aerodynamic
performance of the wings and their interaction with the propel-
ling thrusts.

Revolving-wing aerodynamics

On the one hand, the revolving wings can be regarded and modeled
as an actuator disk. On the other hand, the relatively low angular
velocity (€2) implies an intermediate flow regime (Reynolds number
Re ~ 2.5 x 10%). This allows the wings with relatively high angles
of attack and low aspect ratios to form a stable LEV enjoyed by
flapping-wing MAVs (13, 1, 14, 10, 46), amplifying the force coeffi-
cients (47-49). To capture unsteady mechanisms, the quasi-steady
model and blade element theory are adopted to describe elemental
lift (F) and drag (Fp) along the wing element dr at the radial posi-
tion r from the revolving axis (fig. S1A)

dFLp(r) = 3pCun(a(r) en(r) V() dr 2)

where p is the air density, r is the distance from the rotational axis (Z),
o(r) is the local geometric angle of attack defined as the angle be-
tween the local airflow direction and the chord line of the wing
(cf. the effective angle of attack 0., which is defined as the angle
between the local airflow direction and the zero-lift line of the wing;
see fig. S1B), ¢,(r) is a wing chord function, V(r) is the relative local
air speed, and Cp/p(0) is either lift or drag coefficient. The angle of
attack o differs from the wing pitch angle B owing to the induced
velocity. In addition, unlike aircraft airfoils, the presence of LEVs
and large angles of attack suggests that the force coefficients follow
the relationship previously established by studies on quasi-steady
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models of flapping and revolving wings at low-to-intermediate
Reynolds numbers (47, 29, 49): Ci(a) = CLp + Cy; sin (2a) and
Cp(a) = Cpp + Cp,i(1 — cos (2a)).

In the revolving motion, each elemental blade encounters differ-
ent air velocities as well as angles of attack, resulting in different el-
emental aerodynamic lift and drag. As detailed in Materials and
Methods and fig. S1, the projection of these force elements onto the
robot frame yields elemental thrust dT and torque dQ. To eliminate
the dependence on V{(r), the general momentum theory (MT) pro-
vides additional expressions of dT and dQ by taking into consider-
ation the following: (i) axial and tangential airspeeds of the helical
wake and relating them to the revolving rate Q and (ii) tip loss ef-
fects (see Materials and Methods) (50-53). Integrating the results
from MT with those from blade element method (BEM) yields

T = CrQ*and Q = CoQ? 3)
where the thrust and torque coefficients (Cy and Cg) are functions
of the wing chord profile ¢,(r) and the wing pitch angle f.

Experiments were conducted to verify and identify the model
parameters with various shapes and sizes of wings at the scale of
interest (~10 cm). We fabricated six pairs of flat lightweight wings
from polyimide film and carbon fiber rods (fabrication procedures
are described in Materials and Methods). The aspect ratios of the
sample wings range from 1.6 to 5.7 (Fig. 2A). Both tapered and rect-
angular profiles were included to capture the tip loss factor.

A revolving platform consisting of a servo motor and a force/
torque transducer (see Fig. 2B and Materials and Methods) was con-
structed for the parameter identification. Each pair of wings was
tested at four- or five-blade pitch angles (between 0° and 50°). The
combination of six wings at various pitch angles produces the total of
29 wing configurations. We took measurements of thrust and torque
of each wing configuration at four to six angular velocities, up to
147 rad/s, to evaluate 29 pairs of empirically fitted thrust and torque
coefficients (Cr and Cg; see fig. S2). A single set of force coefficients,
{CL0, CL1> Cpo> Cp 1}, was then determined by minimizing the differ-
ence between the empirically fitted and modeled thrust and torque
coefficients (Fig. 2C) as detailed in Materials and Methods.

The model predictions of thrust and torque coefficients of six
sample wings at various wing pitch angles calculated from a set of
best-fitted lift and drag coefficients (fig. S3) reveal agreement with
empirical measurements (Fig. 2C and fig. S2). The thrust coeffi-
cients increase with the wing pitch angle up to =45°, corresponding
to the angles of attack (computed at mid wing) of near 35° (figs. S4
and S5). The elevation of both thrust and torque coefficients at large
wing pitch angles corresponds to amplified lift and drag coefficients
at high angles of attack, suggesting the presence of a rotation-
induced LEV that prevents stall (29). The model predicts the peak lift
coefficient of 1.80 (fig. S3), comparable with flapping (54) and re-
volving (55) insect wings with similar aspect ratios (~3) and Reynolds
numbers (~10%). To assess aerodynamic efficacy, we inspect the
glide ratio (Cp/Cp) and power factor (Ci/ 2/Cp). The power factor is
a dimensionless ratio of lift to aerodynamic power, indicating the
efficiency of endurance (48). The results reveal the maximum glide
ratio and power factor of ~6.7 and =5.1 (fig. S3), slightly higher
than the reported values of revolving dynamically scaled insect wings
at Reynolds number 1.4 x 10° (55), possibly due to the slightly larger
Reynolds numbers (up to ~2.5 x 10*) at the test conditions. Never-
theless, the enhanced aerodynamic performance does not immediately
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Fig. 2. Characterization of revolving-wing aerodynamics and power consumption of motor-driven propellers in the presence of nonzero free-stream velocity.
(A to D) Experimental results and optimization of revolving-wing aerodynamics. (A) Photographs of seven tested wings [with the optimized wing (OPT) included] and
corresponding aspect ratios. (B) Experimental setup for testing the wings and propellers. Wing mount and propeller mount are replaceable parts and can be mounted on
the servo motor for different objectives. (C) Model identification results of the wing aerodynamics. The plots display the model predictions (line) and experimental mea-
surements (points) of Crand Cq at different blade pitch angles [refer to (A) for the legends]. (D) Wing profile and location of the motor for the optimized configuration.
The corresponding optimal blade pitch angle is 19.5° (not shown). (E to G) Characterization of the motor-driven propellers in the presence of free-stream flow. Dots rep-
resent empirical measurements, and lines represent fitted models. (E) The relationship between the propelling thrust and driving voltage in the absence of the free-
stream velocity. (F) Propelling thrust plotted against the incoming free-stream velocity. Two driving voltages were tested. (G) The plot shows the mechanical output
power of the motor-driven propeller operating at various free-stream velocities versus the electrical input power. The output power of the motor-driven propeller serves
as the mechanical input power of the revolving wings. Two colors designate two driving voltages.

translate to an energetically efficient vehicle because it does not take
into account the actuation efficiency and related flight mechanism.

Motor-driven propellers

The samara-inspired robot is powered by a pair of motor-driven
propellers. In the proposed design (Fig. 1), two propellers collec-
tively generate yaw torque to counter the drag from the revolving
wings. To reduce power consumption, it is necessary to compre-
hend the coupled relationship between the actuation and lift and
drag. Similar to the rotating wings, the aerodynamics of the propel-
lers are described by MT and BEM with some modifications.

By applying a few simplifying assumptions on the blade geometry
and force coefficients to BEM as described in Materials and Meth-
ods, we obtained a lumped propeller model (56). In this formula-
tion, the vehicle’s yaw rotation is interpreted as the translational
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motion of the propellers (located at a distance r, from the robot’s
yaw axis) along their axial direction, attributing to the free-stream
velocity vs = Qryy, perceived by the rotors. The nonzero free-stream
velocity directly affects the propeller’s thrust, torque, and power.
Furthermore, because the rotational wake is omitted from the lumped
parameter model, an empirically determined induced power factor
Kp is introduced to account for the energy dissipated by wake rota-
tion. When incorporated with MT, the propeller’s thrust and torque
coefficients, defined as ¢t = t,/ o’andc; = T/ ©?, in which Ty is pro-
peller’s drag torque and o is the rotor angular speed, are no longer
constant but functions of vy/(r,0) or Qry/(rp,w), where 7, denotes
the radius of the propeller.

In terms of actuation, in steady states, the rotor torque 1, is in
balance with the torque provided by the DC motor as dictated by
the equation 1, = k(¢4 — kn®)/Rp, when ky, is a motor constant, Ry,
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is the motor’s internal resistance, and uy, is the driving voltage. Giv-
en the motor parameters, we are able to predict the propeller’s
thrust £, and its spinning rate o from the input voltage u, and free-
stream velocity v, (details in Materials and Methods). That is, the
combination of the lumped model and motor equation ultimately
produces a deterministic function t, = f,(tm, vs).

To validate the lumped parameter model, particularly in the
presence of nonzero free-stream velocity, the motor parameters
were first identified, followed by another set of experiments to de-
termine the propeller’s parameters as they appear in the lumped
model. The motor parameters ky, and Ry, were determined with a
linear regression from current and angular rate measurements ob-
tained when the motor was driven at different voltages in varied
experimental conditions as described in Materials and Methods.
Next, a pair of motor-driven propellers (40-mm four-blade) were
mounted on a servo motor and a load cell as depicted in (Fig. 2B).
In this setup, the propellers underwent a rotational motion that
brought an approximately linear translation along the propeller’s
axis, equivalent to a nonzero free-stream flow velocity, resembling
the operational conditions of the propellers on the samara-inspired
robot. The vertical torque measured by the load cell can be readily
converted to the propellers’ thrust, while the free-stream velocity is
governed by the servo motor. The measurements were taken at (i)
seven voltages with zero free-stream velocity and (ii) two voltage
values (uy, = 1.94 and 2.75 V), each with 11 free-stream velocities up
to over 10 m/s. A total of 95 data points with the maximum thrust
of 0.12 N were recorded for the fitting of the propeller’s coefficients
as detailed in Materials and Methods. The thrust predictions fit the
experimental data well with an average root mean square error
(RMSE) of 2.6 mN (Fig. 2, E and F). The results reveal a reduction
in the propeller’s thrust as the free-stream velocity v increases when
the driving voltage remains constant. On the basis of the measure-
ments and the developed model, we further inspect the ratio of the
mechanical output power (the product of thrust and the transla-
tional speed or free-stream velocity, t,v) to the estimated input elec-
trical power P;. Because the output power of the motor-propeller
subsystem can be regarded as an input power of the revolving wings,
the power ratio indicates the efficiency of the motor-propeller pair in
the context of the revolving-wing vehicle. Initially, the output power
tpvs grows as v, rises. However, as the reduction in ¢, (Fig. 2F)
becomes increasingly dominant, the output power begins to drop.
The presence of the peaks of the power ratios (Fig. 2G) implies the
existence of an optimal operating condition, prompting a search for
a suitable vehicle configuration. Without such consideration, aero-
dynamically efficient wings alone would not immediately lead to a
vehicle with superior overall flight efficiency.

Design optimization for flight endurance

The developed aerodynamic and actuation models capture the ener-
getics of steady-state flight. The tailored symmetric vehicle configu-
ration gives rise to tractable analytical models with predictive abilities,
rapidly accelerating the vehicle optimization process by eliminating
the need to experimentally characterize a large number of prototypes
as performed in (31, 32, 12). This engineering-centric solution offers
an intelligent alternative to direct biomimetic designs (33).

To make use of the preceding outcomes, we opted to enhance
the flight endurance by minimizing the power the robot requires for
hovering (T = mg). The task is to seek the optimal wing geometry
and propellers’ location under certain constraints. This is carried
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out by parameterizing the wing profile and propellers’ placement by
a set of 11 design parameters: © consisting of the propeller’s radial
location ry,, wing pitch angle B, wing root 744, and wing tip 7, po-
sitions, and seven variables defining the chord function as described
in Materials and Methods. The optimization, based on the separate-
ly identified wing and actuation models, neglects the possible aero-
dynamic interactions between the wings and the propellers. The
task is mathematically formulated as

©" = argming,, Pi(©,un) subjectto T(O,un)=m(O)g (4)

and two other practical constraints related to (i) the maximum plat-
form size and (ii) the upper bound of the wing aspect ratio as de-
tailed in Materials and Methods. The limit on the vehicle size is
imposed owing to scaling effects that favor large planform areas and
lower disc loading as manifested by MT (56, 8). The conditioning
on the aspect ratio is to warrant the stability of LEV (55, 49).

The parameter search was achieved with the Nelder-Mead algo-
rithm. Different initial estimates were explored to avoid local minima.
The algorithm generated a vehicle configuration with an estimated
mass of 33.2 g with a wing semispan of 300 mm that consumes 3.48 W
in hover with the nominal voltage u,, = 2.53 V (Fig. 2D). The motors
and propellers are positioned 247 mm from both sides of the center of
rotation. The resultant wing with an aspect ratio of 3.7 and a pitch
angle of 19.5° features a relatively narrow chord near the root and a
tapered tip as a result of the tip loss. Despite the variation in the local
free-stream velocity, during hover, the local angle of attack of the de-
rived wing profile is anticipated to be approximately uniform across
the entire wing at a = 11° (fig. S5), near the angle that displays a peak
in power factor indicated by the model of lift and drag coefficients
(fig. S3). As a consequence, the sectional lift is maximum near the
wing tip (fig. S5). These characteristics are vastly distinct from those
exhibited by autorotating plant seeds that operate at generally greater
angles of attack (Reynolds numbers of ~10°) (29). This is because au-
torotating seeds exploit a relatively compact LEV at extremely high
angles of attack toward the seeds to amplify lift and prolong descent
time for successful dispersion. The associated increase in drag at high
angles of attack promotes the gyration and does not adversely affect
its lift generation. The outcome illustrates the insights gained from
the engineering design perspective.

Analysis of flight dynamics and passive attitude stability
Reminiscent of autorotating flights of winged seeds (29, 27), exist-
ing revolving-wing robots exhibit different degrees of inherent atti-
tude stability in flight (31-33, 44). That is, samara-inspired vehicles
stay approximately upright in the absence of feedback. The passive
attitude stability, also displayed by most fixed-wing bird-like air-
craft (57, 58), is in sharp contrast to small multirotor vehicles (59, 7)
and tailless flapping-wing robots (12, 60, 1, 14), unless large aerody-
namic dampers are incorporated (61, 62).

Still, the dynamics and stability of powered samara-inspired vehi-
cles are different from those of autorotating winged seeds or other
unpowered platforms (26, 31, 37), which partially rely on the relative
upward airstream. A numerical model (63) and experimental find-
ings (26, 31, 64, 65) signify the influence of the mass distribution on
stable autorotation. For powered revolving-wing vehicles, the prefer-
ence for the lower center of mass with respect to the center of pressure
for attitude stability is acknowledged but has not been comprehen-
sively modeled or systematically verified in (31, 34-36).
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To elucidate the observed behavior and derive the design princi-
ples for realizing attitude stability, the flight dynamics of the pro-
posed robot is investigated (see the Supplementary Materials for
details). Even near hovering, the wings travel through the air at a
notable speed because of the gyrating motion, creating non-
negligible additional aerodynamic interactions that affect the trans-
lational and rotational dynamics of the vehicle. In addition, the
continuous revolving motion renders models applied to conven-
tional rotorcraft cumbersome for describing the robot’s attitude. As
a consequence, we focus on the inclination of the robot’s vertical
axis (Z in Figs. 1B and 3A) and partially discard the swiftly varying
yaw angle by treating the near-hovering robot as an axisymmetric
disk with the moment of inertia equal to diag(l4, I4, I,) rotating
about its Z axis at the rate of €. This yaw rate is primarily deter-
mined by the interplay of the sum of propelling thrust and the
torque from the rotating wings as

IZQZ = _rm(tp,l + tp,Z) _CQQZ |Q, | (5)

In the meantime, the attitude of the disk-like robot, as seen in

the inertial frame (i?/Z\ ), is captured b’y the coordinates/\ {€x E-‘y,}\

of the robot is subject to drag proportional to the velocity perceived
in the body frame. The vertical component of the acceleration is
chiefly governed by the thrust generated by the revolving wings
through Q, and its weight as

(6)

where b is the linear drag coefficient and the differential thrust is the
contribution from the propellers projected onto the vertical axis.
The lateral acceleration of the robot is subject to the drag and the
propelling thrust CrQZ projected onto the horizontal directions as

mz = (ty1 — tp2)Ex+ CrQf — bz — mg

—siny

SRR W RO S

where v is the instantaneous yaw angle of the robot (Fig. 3A). It can
be seen that the translational motion is tightly coupled with the ro-
bot’s inclination, &y, &,. As derived in the Supplementary Materials,
the reduced attitude dynamics follows

def:lned as the rota;ion angles of Z from Z with respect to X anq Y I, [E,X] L LO [E,Y ] - Y« )
asZ = [éy, &5 1] for &, &, < 1 (Fig. 3A). The translational motion Ey -Ex
A B C
40 0.4 1
—0 +9 mm -42 mm 0.3
Eo2]
*0.1 W
0 J
157
T os ]
Q E o5
D time (s) - O'g_
TPP 100 +18 mm -62 mm 05
2.2 1
T 2 meas. ref
crash N1.8 N —————
1.6 g T v
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time (s)
E 14 - 0 | 1] 1] \% \'
—~ 0.7 1 Y
g 0 Haves MX\ IPV.V.V.N
0.7 g(ﬁ ref.
1 3 meas.
’é\ 0.7 - /Lm
£ b
N
1.4 -
1.6 1 i
£1.31 i B
N 1 AV
\vaaa
0.7 T T T T T
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Fig. 3. Reduced attitude dynamics, passive stability, and position-controlled flight. (A) Definitions of the inertial frame, body-fixed frame, and the auxiliary frame
introduced to describe the orientation of 2. The frame origins are offset for improved clarity. Only the flight position was controlled. (B) Time course of the inclination
angle ¢, defined as the angle between 2 and the vertical axis, from an open-loop flight. The well-tuned robot displays passive attitude stability (movie S1). (C) Flight tra-
jectory of the stable robot from the open-loop flight. (D) Inclination angle ¢ of the robot with displaced center of mass taken from two open-loop flights. The battery was
relocated downward by 3 ¢cm (red, movie S1) or upward by 1 cm (blue, movie S1). (E) Composite image capturing the trajectory of the robot in a closed-loop trajecto-
ry-tracking flight (movie S1). (F) Trajectory of the robot with respect to the reference in a position-controlled flight.
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where Yt is the total torque experienced by the robot expressed in
the inertial frame, contributed by the generated thrusts from both
propellers (t,,; and t,,,) and aerodynamic forces

Y=ty — tp2) [;;;IJIW] - C[zj + bl [{x] -vQ; [;] +zI0; zj
)

where « is the effective propeller’s thrust-to-torque coefficient (e.g.,
Tp,1 = Ktp1), € is a positive lumped coefficient for the rotational drag,
l.p is the vertical offset between the center of mass of the robot and
center of pressure of the revolving wings (I, > 0 indicates that the
center of mass is located below the center of pressure), y captures
the torque attributed to the dissymmetry of lift (or differential lift)
experienced by the advancing and retreating of the spinning wings
in translation (66, 67), and I'; = T(y, I, 7, €27) is a 2 x 2 matrix
described in the Supplementary Materials. Together, Eqs. 5 to 9
present the coupled behaviors of the robot’s translational and atti-
tude dynamics near a hovering state.

To characterize the open-loop stability, we inspect circumstanc-
es where only the nominal commands ¢, = t,2 = ((Cq/Cr)mg)/2ry
are applied. The yaw dynamics described by Eq. 5 settles to Q, =
Q. = —Jmg/Cr and T = mg (using Eqs. 1 and 3), approximately
stabilizing the altitude to z = 0 (Eq. 6). The reduced attitude and
lateral dynamics subsequently simplify to

o] -

s ] oo

Equations 10 and 11 present two tightly coupled second-order
subsystems, of which the analytical stability conditions become in-
creasingly intractable. To gain some apprehension on dominating
effects that affect the stability of the robot for the vehicle design
purposes, we leverage the fact that for the robot with sizeable wings
and rapid yaw rotation, the aerodynamic forces dominate the trans-
lational dynamics (further discussion in the Supplementary Materi-
als). Neglecting the inertia term in Eq. 10, the two subsystems
combine into

Ex * é &x Ex 'YQng & _
l H e [a] " aj - lq””g[éy] T [a] o0

According to the Routh-Hurwitz criterion, the requirements for
passive attitude stability of the system described by Eq. 12 are

(10)

and

LQ2+ c2+ YILQ2

Izﬂﬁ Y, L mgﬂﬁ Y
+
mgly be

be b2 2 < Ly

< Iyp and (13)

Recall that because all parameters, except L, are strictly positive,
the criteria imply that stability is attained as long as the center of
mass is sufficiently lower than the center of pressure. Furthermore,
the damping coefficients c and b contribute favorably to the passive
stability, whereas the dissymmetry of lift, as described by v, effec-
tively brings about the destabilizing effect for open-loop flight. The
stability criteria can be achieved when I, is in a suitable range and
the damping components dominate.

Bai et al., Sci. Robot. 7, eabg5913 (2022) 11 May 2022

The finding is largely in agreement with previously reported ex-
perimental results of robots with similar flight principles (31, 67, 44).
In practice, nevertheless, an attempt to lower the center of mass to
secure passive stability by increasing I, would likely simultaneously
raise the inertia Iy. This turns out to oppose the stability condition
suggested by Eq. 13. That is, depending on several factors (such as
b, ¢, and m) combined, there likely exists only a limited range of I,
that results in passive attitude stability.

Flight-capable prototype, stability tests, and
position-controlled flights

The flight-capable prototype was constructed according to the opti-
mized profile, based on the fabrication techniques used in the early
iteration of the revolving-wing robot (44). The robot is made up of
four primary components: the airframe, wings, a pair of motors and
propellers, and flight electronics, as presented in Fig. 1A.

The airframe was constructed from two carbon fiber rods with
1.8-mm diameter and a flight control board [Bitcraze, Crazyflie 2.1;
(68)] affixed together by three-dimensional (3D)-printed connectors
(Gray resin, Form 3, Formlabs) (refer to Fig. 4A). The open-source
control board, containing redundant features, such as additional
motor drivers, was selected to accelerate the development. To min-
imize the weight, the wings were made from 75-pum-thick polyimide
film (Kapton, Dupont) and cut to the desired geometry using a CO,
laser cutter (Epilog, Mini 24). The polyimide wings are reinforced
by the wing ribs (carbon fiber rods with 1.2-mm diameter) and rig-
idly mounted on the airframe via 3D-printed connectors. The ge-
ometry of the printed connectors dictates the tilted angle of the ribs
and the wing pitch angle (Fig. 4A). Custom jigs were used to assure
the desired wing pitch angles and the flatness of the surface of the
wings (see Fig. 4, B and C). All parts were glued together using cya-
noacrylate adhesives and epoxy resin.

To validate that the wings can be regarded as rigid flat plates as
modeled, a wing rigidity test was carried out (detailed in the Supple-
mentary Materials). We visually inspected the deformation of the
wings in rotation and compared the aerodynamic force and torque
(T and Q from Eq. 3) of the polyimide wings and a pair of rigid
wings made of fiberglass. The video footage verifies negligible wing
deformation when they rotated at the anticipated revolving speed
(see Fig. 4D and movie S4), attributable to the structural support
provided by the wing ribs and the low wing loading (~0.1 g/cm” at
Q =18.8rad/s). The force and torque coefficients (Crand Cy) of the
two wing types at Q < 30 rad/s are nearly identical (the differences
in Cy and Cq are less than 1% and 2%, respectively; fig. S15). In
contrast, at spinning rates markedly faster than the flight condition,
structural bending and wing flapping motion became evident (fig.
S$13 and movie S4).

For actuation, we used 20-mm-radius four-blade propellers (2 x
0.83 g) and 7 mm-by-20 mm coreless DC motors (2 x 3.72 g). Using
the built-in speed controller on the flight control board (6.36 g) and
a 250-mAh single-cell Li-ion battery (8.00 g), the propeller can gen-
erate steady-state thrust up to ~150 mN in the absence of free-
stream velocity. The flight-capable prototype weighs 33.0 g, almost
equal to 33.2 g predicted by the design optimization process. After
attaching four markers for the motion capture cameras, the weight
increases to 35.1 g.

To achieve position-controlled flight, a customized flight con-
troller is developed. The proposed control framework for the
samara-inspired robot is markedly different from strategies applied
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wing spar

D polyimide wings

Q =0rad/s

Q =18.8 rad/s

leading edge view

fiberglass wings

Q =18.8 rad/s

Fig. 4. Robot fabrication and wing rigidity analysis. (A) Close-up view of the wing showing the components. (B) Robot on the custom jig during the assembly process.
(C) Wing as viewed from the leading edge. (D) Comparisons between the polyimide wings and fiberglass wings in the rigidity test, including snapshots from high-speed
videos of the wings driven by the revolving platform at the speed of 0 and 18.8 rad/s (the revolving speed of the robot in hovering).

to multirotor vehicles owing to two primary reasons. The first is the
difference in the flight principles, and the second is the degree of
underactuation of the two-rotor flyer.

The devised flight controller (detailed in the Supplementary Mate-
rials) can be regarded as two parallel control loops consisting of altitude
and lateral position controllers. The flight altitude is regulated by the
total thrust generated from the two wings, quadratic to the yaw rate as
established in Eq. 6. The desired yaw rate is realized through the yaw
torque produced by the sum of the propelling thrusts ,,; + £, as gov-
erned by Eq. 5. This allows us to manipulate the closed-loop attitude
dynamics to ensure that the robot stays aloft at the desired height.

Unlike multirotor (69-71) or flapping-wing (1, 20, 13, 12, 72-75)
vehicles, which generate flight forces strictly along the vertical body
axis and must moderate the attitude to induce lateral acceleration,
the proposed robot is capable of producing horizontal forces while
remaining approximately upright as the propelling thrusts are
aligned with ¥ as (¢, — p2) ¥ (Figs. 1B and 3A), whereas the direc-
tion of the § axis (§ = [-siny, cosy] T) swiftly rotates at the rate Q,
(Eq. 7). However, the direct attempt to use this characteristic for
controlling the horizontal position can destabilize the flight attitude
because the term is also present in the reduced attitude dynamics
(Eq. 9). Hence, the lateral position controller must stabilize both the
position and attitude of the robot simultaneously, including taking
into account and compensating for the gyroscopic terms (see the
Supplementary Materials). Furthermore, the devised strategy ad-
dresses the challenge associated with the underactuation of the two-
rotor vehicle. The developed controller computes the desired horizontal
force vector f defined in the inertial frame, and the differential

Bai et al., Sci. Robot. 7, eabg5913 (2022) 11 May 2022

thrust commanded to the robot is proportional to the projection of
f along the thrust direction § or t,; — tp, = 2§ Tf. Over one cycle
of yaw rotation, the vector sum of the propeller thrust averages to f
(see the Supplementary Materials). That is, the lateral position con-
trol is achieved with only one degree of freedom input: £, — t,, on
the cycle averaged basis. Overall, the proposed technique permits
the 3D translational dynamics of the robot equipped with only two
actuators to be controlled for a trajectory-tracking flight. The cycle-
average approach, nevertheless, implies that the bandwidth of the
control input is restricted and determined by the revolving rate.
This may prevent the robot from tracking the desired trajectories as
accurately as conventional rotorcraft.

With the fabricated prototype and developed control frame-
work, flight experiments were first conducted to verify the stability
property (the flight environment and setup are detailed in Materials
and Methods). Initially, the center of mass of the prototype was
manually tuned to achieve robust attitude stability. To assess its
passive stability, the robot was suspended at a height of 2 m by a
programmed gripper. Immediately after the release, the motors
were powered with only the altitude controller enabled to maintain
an approximately constant height. Thereafter, the robot remained
upright for over 50 s before leaving the flight arena (movie S1), at-
testing the predicted passive stability. To illustrate that there exists
a region of [, that satisfies the stability conditions predicted by Eq.
13, we shifted the battery (8.00 g) downward and upward from the
original position by 4.2 and 0.9 c¢m, respectively. The relocations
slightly increased and decreased the value of I,. The robot still
demonstrated inherent stability (movie S1).
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The experiments were repeated after the battery was displaced
downward further to 6.2 cm from the original configuration. In this
scenario, the robot crashed within 3 s after it was released (movie
S1). As captured by Eq. 13, the increase in the inertia I4 is likely the
cause of the observed instability. Similarly, the attempt to reduce I,
by displacing the battery upward from the original arrangement by
1.8 cm yielded an unstable flight as anticipated. The robot crashed
within 5 s after it was released (movie S1).

To quantify the robot’s attitude during these test flights, the an-
gle between the robot’s Z axis and the vertical axis (¢ in Fig. 3A) is
visualized to reflect the attitude stability of the vehicle. For the well-
tuned prototype and the other two stable scenarios, it can be seen
that ¢ slightly oscillated over time but mostly remained under 20°
for the entire flight period (Fig. 3B). The trajectory plot of the well-
tuned prototype manifests that it stayed within the small volume of
2 m by 2 m by 2 m (Fig. 3C). In contrast, the attitude of the robot
with a notably displaced battery (downward by 6.2 cm and upward
by 1.8 cm) swiftly diverged in less than 5 s (Fig. 3D). The outcomes
corroborate that having the center of mass below the center of pres-
sure is not a sufficient condition for attitude stability.

Furthermore, we demonstrated that the inherent stability is in-
sensitive to fabrication precision. This was carried out by enlarging
one of the wings by about 7.5% at the wing tip (fig. S6, A and B),
creating an asymmetry configuration. In the flight test, the modi-
fied robot still achieved a stable uncontrolled flight (fig. S6C and
movie S1).

Next, a position-controlled flight was performed using the de-
veloped control strategy. A smooth trajectory consisting of three
characteristic motions (hovering, horizontal, and vertical transla-
tions) was chosen. Despite the presence of the slight tracking delay
likely caused by the cycle-average control strategy, the robot suc-
cessfully stabilized its position against the prescribed reference for
the entire flight (Fig. 3, E and F, and movie S2). The result illustrates
the effectiveness of the devised position controller and the trajectory-
tracking capability of the vehicle.

Flight endurance and power expenditure

The power efficiency of a MAV can be evaluated from its power
consumption and flight endurance (because the practical capacity
of a battery is substantially affected by the discharge rate owing to
the internal resistance). Power consumption is a relatively direct

metric for efficiency, whereas flight time is more relevant to real-
world applications. Both aspects are investigated for the proposed
bioinspired flight platform.

The following assessment aims to benchmark both endurance and
power consumption of the revolving-wing robot against its hardware
baselines. We selected a widely used multirotor vehicle (Bitcraze,
Crazyflie 2.1, 32.1 g with retroreflective markers) as the first reference
vehicle and constructed a benchmark quadcopter from the same
principal components as the proposed robot (avionics, motors, and
propellers, totaling 39.2 g) as the second reference robot. To character-
ize the endurance, we performed extended hovering flights, during
which the battery voltages were logged, with the aforementioned
robots. The open-circuit voltage of a single-cell 250-mAh Li-Ion
battery used in these robots is 4.2 V. As soon as the flight started,
the voltage immediately dropped owing to the discharging current
(fig. S7) and continued to decline over time. We commanded the
robots to hover until the batteries were exhausted such that they
were no longer able to stay aloft and recorded their total flight times
(Fig. 5, fig. S7, and movie S3). The endurance of the proposed
revolving vehicle was 894 s or 14.9 min, over twice as long as the
reference robots (380 and 241 s; table S1) despite being similar in
weight and components. To further enhance the flight time of the
revolving-wing drone, the 250-mAh battery was substituted with a
650-mAh cell (15.7 g). This resulted in an overall mass of 42.8 g.
The revolving-wing robot with an extended battery capacity was able
to hover for 1470 s or 24.5 min (Fig. 5, fig. S7, and movie S3). This
substantial improvement was obtained despite the fact that the in-
crease in mass implies that the robot was no longer operating at its
optimal condition.

The lack of onboard current sensors prevents directly recording the
power consumption of the robots during flight. Instead, the power of
the revolving-wing robot was evaluated by a benchtop hardware-in-
the-loop (HIL) experiment (detailed in Materials and Methods). To
replicate the flight condition experienced by the robot, the vehicle, to-
gether with a customized current and voltage measurement module
(with a separate power supply), was mounted on the revolving plat-
form driven by a servomotor (fig. S8A). During the test, we applied the
average of the motor voltages recorded during the 894-s hovering
flight to drive the motors and propellers and simultaneously com-
manded the servo motor to rotate at the speed identical to the robot’s
averaged revolving speed during the flight. The discharge current

A Revolving-wing drone 1600 1 151 2.
B Revolving-wing drone *B < L
with a 650-mAh battery \é L

C Robotic samara-l (31, 86) c = 0)\0) ° 4

D Robotic samara-Il (31, 86) 1200 1 g =3 8 N.-~

E Robotic samara-Ill (31, 86) 5 5101 I\\OQT'«'

F ~ 3 < L

G £ Ha £ s . e -6
= 800 1 Y 2 Q. @ e

T = g : ¢ M. B8
(2] . P P .

J 2 J .E ®q s s L LA K

K 400 1 © om 8 S g0 R

L G, ® & e

M Crazyflie H I oN THY

N Benchmark quadcopter oE

O XQ-139y QuadSparrow (87) 0 T T T \ 0+ T T T T ]

P DJi Tello (88) 0 20 40 60 80 0 10 20 30 40 50

Q Parrot Mambo (89) body mass (g) body mass (g)

Fig. 5. Flight time, power consumption, and power loading of lightweight (less than 100 g) hovering-capable MAVs. Examples include three drone types: samara-
like (orange), flapping-wing (yellow), and rotary-wing (blue) (refer to table S1 for detailed data).
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from the battery and its voltage were logged to evaluate the power dis-
sipated by the entire robot platform (including both the avionics and
the actuators). During the test, the total vertical thrust produced by the
robot was found to be equal to its weight and the torque summed to
zero as anticipated (fig. S8B). This verifies that the condition resem-
bled an actual hovering flight. From three repeated 30-s trials, the
average power consumption was found to be 4.39 + 0.12 W. In com-
parison, the power consumption of a Crazyflie and the benchmark
quadcopter were also evaluated in another HIL setup (detailed in Ma-
terials and Methods). They were found to be 7.57 + 0.06 W and 11.4 +
0.4 W, both markedly higher than that of the revolving-wing robot
(Fig. 5) and in accordance with the recorded flight times.

To compare the efficiency of the developed vehicle with other
lightweight hovering-capable platforms, taking into account the
scaling or size effects (7), we calculated the power loading of the
revolving-wing drone, reference robots, and other established plat-
forms that weigh under 100 g. The power loading of the developed
prototype is as high as 8.0 g/W and approximately twice as large as
those of the reference multirotor robots (4.2 g/W and 3.4 g/W;
Fig. 5 and table S1). This is primarily attributed to the use of large
revolving wings (as opposed to small propellers) as the main lift
generation mechanism. The improved aerodynamic efficiency is a
consequence of the low disk loading (recall that for aerodynamic
power, PL o< DL™"?). In relation to other lightweight robots, the
revolving-wing robot demonstrates superior power loading (even
when compared with flapping-wing vehicles with relatively low disk
loading), with the flight time considerably longer than vehicles that
are twice as heavy (Fig. 5 and table S1). The outcomes thoroughly
highlight the benefits of the optimized revolving-wing mechanism.

DISCUSSION
In this work, we took motivation from autorotating plant seeds and
developed a highly efficient revolving-wing robot. Two key flight
mechanisms of maple seeds, namely, elevated lift generated from
a prominent LEV and the stable gyration, are replicated by the
propeller-driven robot. On the basis of studies on unsteady aerody-
namics from low aspect ratio flapping and spinning wings, we
collaborated the idea that quasi-steady models are suitable for the
development of a centimeter-scale revolving-wing robot, allowing
the interplay between aerodynamic forces and flight energetics to be
accurately predicted. Through the use of parametric designs and
empirically determined force coefficients, the wing profiles, when
paired with the selected propulsion mechanism, were synergically
optimized for the overall flight efficiency. The outcomes display
several characteristics distinctive from biomimetic designs, reflect-
ing the different requirements for powered gyrating and autorotat-
ing flights. Despite the dissimilarity, the use of sizable revolving
wings for powered flight at this scale brings about a substantial re-
duction in energy consumption. As verified through a series of
flight experiments, the bioinspired platform, with the extremely low
disk loading of 1.2 N/m? [approximately one to two orders of mag-
nitude smaller than that of flapping-wing robots and multirotor
vehicles of similar size (45, 9)], demonstrated over a twofold in-
crease in overall power loading when compared with multirotor
robots of similar weights. As a consequence, the 42.8-g prototype
was able to stay airborne for 24.5 min.

The samara-inspired platform presented here may ultimately
lead to hovering-capable aerial vehicles with enhanced efficiency,

Bai et al., Sci. Robot. 7, eabg5913 (2022) 11 May 2022

alleviating the severely restrictive flight times of small drones when it
comes to practical applications (7, 8). However, the introduction of
spinning wings and resultant aerodynamics comes with associated
increased complexity in flight dynamics. Thus far, our analysis is
limited to rigid, flat, uncambered wings to facilitate the vehicular
design and optimization process. It is foreseeable that the flight per-
formance is likely to benefit from wings with more elaborate cambered
profiles, twisted blades, or flexibility (76). To comprehensively cap-
ture the unsteady aerodynamics in such cases, the use of high-fidelity
models or computational fluid dynamics is likely preferred.

Alternative to the goal of optimized flight endurance, a different
objective function could be used to search for the configuration
with, for instance, maximized payload capacity (44). The ability to
morph aerodynamic surfaces for different operating conditions or
flight envelopes as realized in (77, 58, 78, 57) would further extend
the flight capabilities. This could potentially be concurrently inte-
grated with the biohybrid approach by fabricating morphing wings
from real bird features (58). The study on wing efficacy performed
on 26 spinning wings from 12 hummingbird taxa reports the power
factor of almost 7.0 when the angle of attack is 16° (15), notably
higher than 5.1 obtained with the optimized flat wings in this work.
Nonetheless, for optimal vehicle performance, the efficiency of the
propulsion mechanism must be taken into account as conducted in
this study.

System-level power analysis

The framework developed to construct a highly efficient flyer in this
work has been presented from the bottom-up approach, citing the
low disk loading of the robot as the primary basis behind the supe-
rior flight efficiency. To gain further insights, we provide a systemic
analysis to pinpoint the fundamental reasons behind the illustrated
performance. Here, we demonstrate how the optimized configura-
tion of the vehicle with large revolving wings actuated by two small
motor-driven propellers leads to the high power loading illustrated
by the vehicle.

Apart from the power loading of the vehicle PL, another quan-
tity of interest is the dimensionless figure of merit 1 < 1, which
captures the ratio of the actualized aerodynamic power to the
mechanical input power of an actuator disk. The figure of merit
quantifies directly the aerodynamic efficiency, brushing aside the
impact of the actuation efficiency. Because 1 is dimensionless, its
value is relatively scale independent [0.3 <n < 0.8 (9, 56)], in con-
trast to both PL and DL.

In the context of the revolving-wing drone, the revolving wings
and motor-driven propellers can be regarded as two cascaded actu-
ator disks. The figure of merit of the vehicle is defined to be the
aerodynamic power of the rotating wings over the mechanical input
power of the propellers. Taking into account the free-stream air
perceived by the propellers, it turns out that the figure of merit of
the robot 1, is determined by the product of those of the two actua-
tor disks according to (see the Supplementary Materials for the
derivation)

Nr = ONwMp (14)
where the subscripts w and p refer to the wing and propeller sub-
systems and ¢ € [0,1] is a factor dependent on the ratio of the
induced velocity of the propeller to its perceived free-stream flow
vi/Qrp. In the optimized vehicle, it is anticipated that 6 = 1 (see the
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Supplementary Materials). Because np, 1; < 1, the outcome reveals a
marked reduction in the overall aerodynamic efficiency caused by
staging the two propulsion mechanisms together.

Nonetheless, unlike the power loading, the figure of merit alone
does not directly predict the magnitude of the thrust or compre-
hend the scaling effects. To make the connection, we use the fact
that the figure of merit can be written in terms of mechanical power
loading PLy, (thrust over mechanical input power) and disk load-
ing:m = PLy - VDL /+2p (9). Because the disk loading of the vehi-
cle and the revolving wings are identical, the result from Eq. 14
develops into

PLyny = MpPLnw (15)

That is, the mechanical power loading of the robot is lower than
that of the wings. Because PL, scales with the disk loading as PL,
DL™'2 (9), the mechanical power loading of the vehicle and the
wings is notably higher than that of its main propulsion mechanism
or the propellers because of the difference in the disk areas. It is
estimated that, in the flight conditions, n, =~ 1/3 and PLy, y = 6PLy, .
As a consequence, PLy, ; = 2PLy, , (see the Supplementary Mate-
rials). That is, the inclusion of sizable revolving wings roughly
doubles the power loading of the vehicle when compared with mul-
tirotor platforms that are directly driven by small propellers. The
conclusion is consistent with the reported power measurements
(Fig. 5 and table S1), which verifies that the power loading of the
revolving drone is twice as high as that of the benchmark quadcop-
ter manufactured from the same propulsion components.

Advantages of the revolving motion on

potential applications

Despite the associated complexity in modeling and the requirement
to continuously rotate, the advantages brought by the revolving
wings extend beyond their influence on flight energetics. In flight,
additional aerodynamic forces and the continuous rotation affect
the attitude stability. The wings take a role akin to aerodynamic
dampers that enable the robot to passively stabilize its attitude to
upright even in the absence of fast attitude feedback. This is dissim-
ilar to most small hovering-capable robots (60, 13, 14, 68), as it is
suggested that a mechanism for passive stabilization may only be
present in some hawk moths and hummingbirds (79). The revolv-
ing motion also benefits the maneuverability, allowing the position
of the robot to be controlled despite having only two actuators.

In addition, we provide examples that the fast rotation offers
certain advantages when it comes to sensing and localization when
paired with suitable sensors, such as a laser ranger (80) or a camera
(81). First, we demonstrate how a laser ranger can be used on the
revolving-wing drone. A multiranger module [Bitcraze, Multi-ranger
deck (82)], containing directional tiny time-of-flight sensors (3.0 g),
was incorporated into the robot (fig. S9). Each sensor is capable of
detecting an obstacle up to 4 m. Leveraging the revolving motion
of the robot in hover, the map of the robot’s environment was con-
structed using the data from two horizontally directed sensors mea-
sured at 10 Hz during an 18-s flight (see Fig. 6 for the result and the
Supplementary Materials for the implementation details). The in-
herent rotation assists the robot to scan the surroundings in a simi-
lar manner to a conventional light detection and ranging (LiDAR)
instrument, but without the need for a rotating mirror. In the second
example, a monochrome camera with 75° field of view was incorporated
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to construct panoramic videos, exploiting the revolving motion. In
this experiment, a complementary metal-oxide semiconductor (CMOS)
camera and its controller (Arducam OV9281 and Raspberry Pi Zero W,
totalling 21.5 g or 60% of the original vehicle’s weight) were mounted
on the robot (fig. S10). In the 36-s flight without lateral position
control, the camera was triggered to take photos every 90° of rota-
tion (about 14 frames per second for a revolving rate of 22 rad/s).
Four videos (=3.5 frames per second) were reconstructed, with
each video capturing one direction (refer to Fig. 6C and movie S5).
The outcomes not only illustrate the ability of the robot to broadly
observe the environments but also manifest the high payload capa-
bility of the vehicle.

Comparison with tip-jet helicopters

The principle of using thrust devices to drive rotating blades for
flight adopted by the proposed samara-inspired drone was previ-
ously used in human-scale tip-jet rotorcraft (40-43). With central
jet engines and nozzles installed at the blade tips for propelling the
rotor blades, tip-jet helicopters differ from conventional helicopters
because they eliminate anti-torque devices or a tail rotor. It can be
seen that motor-driven propellers on the revolving-wing drone play
an equivalent role to the jet propulsion.

For tip-jet helicopters, the efficiency is majorly influenced by the
propulsion efficiency. This is theoretically optimized when the tip
translational velocity is half of the jet exhaust velocity (41, 42).
Therefore, it is preferred to obtain a high blade tip speed to match
the inherently exceedingly fast jet exhaust velocity. This subse-
quently demands rotors with large radii and aspect ratios. The re-
quirements for efficiency inevitably conflict with the structural
constraints, resulting in vehicles with subpar flight efficiency.

As elucidated by this study, the efficiency of the propulsion of
the revolving-wing drone is similarly dependent on the translation-
al air speed perceived by the motor-driven propellers, referred to as
the free-stream velocity v = Qry, as evidenced in Fig. 2G. The use of
motor-driven propellers and low aspect ratio wings at this scale, on
the other hand, does not lead to the mismatch present in human-
scale tip-jet rotorcraft. As a result, a highly efficient flyer can be
engineered through the devised optimization strategy.

Furthermore, other notable drawbacks such as noise from the jet
engine or complications related to the transmission of hot com-
pressed air through the blades are absent from the centimeter-scale
revolving-wing drone. This renders the configuration more attrac-
tive for MAVs.

MATERIALS AND METHODS

Aerodynamic model of the revolving wings

The primary function of the aerodynamic model for the revolving
wings is to predict Cr and Cg according to its wing shape parame-
ters and the wing pitch angle. BEM and MT are used.

The elemental lift and drag in Eq. 2 are perpendicular to and
parallel with the relative air velocity vector V(r), as illustrated in fig.
S1. The local geometric angle of attack [a(r)] is defined as the angle
between the incoming air and the wing chord. Provided that the
wing pitch angle is B, the elemental forces from the wing pair con-
tribute to the thrust and drag torque through the following
projection:

dT = 2(dFLcos(p — a)—dFpsin(f — a)) (16)
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A

sensor 1

robot
trajectory

Fig. 6. Demonstrations of potential applications related to vision and perception benefiting from the revolving motion of the vehicle. (A) Schematic diagram
illustrating the mapping (distance measurement) method using two time-of-flight sensors. (B) Result of the reconstructed map from the 18-s flight of the robot carrying
the time-of-flight sensors. (C) Image of the the four-walled flight environment for the video recording. (D) Four consecutive photos captured by the on-board camera.
The images shown were taken within one rotation cycle (280 ms) during the 36-s flight.

dQ = 2r(dF_sin(B — a)—dFpcos(p — a)) (17)

In addition to BEM, the general MT is applied to predict elemental
thrust and torque by regarding the revolving wings and an infinites-
imally actuator disk with the assumptions that the air is homogeneous
and inviscid, and the flow is steady, axisymmetric, and incompress-
ible. MT presumes a pressure discontinuity along the streamtube over
the actuator disk, attributing to the induced velocity at the rotor. In
the presence of the wake rotation, the induced velocity consists of
axial (V,) and tangential (V;) components (fig. S1). The conservation
of linear and angular momentum applied to an annular streamtube
dr at radial distance r yields (50)

dT(r) = 4mrpy(r) VA(r)dr (18)

dQ(r) = 4nr®py(r) Vio(r) Vi(r) dr (19)

where the free-stream velocity is neglected for a hovering vehicle, and

rﬁp =T

R

y(r)= %arccos(e ~<0) with e(r) =
is a correction factor for the tip loss (y < 1) that empirically models
the reduced blade forces in the vicinity of the wing tips (r — rp)
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(51). Unlike 1D MT, the inclusion of the rotational wake in the
model enables the drag torque to be predicted without using an em-
pirically determined induced power factor.

To consolidate the results from BEM and MT, the incoming air-
speed at a wing element is computed from the sum of the induced
velocity and the blade rotation: V2 = Q- V() + Vﬁ(r) with
the associated angle of attack a(r) = p — arctan (V,/V; — Qr) as illus-
trated in fig. S1. Equating Eqs. 17 to 19 eliminates the dependency
on 'V, V,, V;, and o, allowing the thrust and torque coefficients to be
evaluated by integrating the blade elements from the rotation axis
to the wing tip

T'ti Tt
1 tip 1 tip
Cr = EIﬁodT,cQ = §L=on

As a result, Cr and Cq are only dependent on the wing chord
profile cn(r), the blade pitch angle B, and lift and drag coefficients
Cup(@).

Experimental identification of the wing model

Six pairs of wings in Fig. 2A (no. 1 to 6) were fabricated from carbon
fiber rods and 75-m polyimide film (Dupont Kapton). The designs
with wide and sharp tips (no. 1 and 2) were included to reflect the
modeled tip loss. Polyimide film was laser cut to the desired profiles
using CO; laser (Epilog Mini 24) and attached to 1.8-mm-diameter
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carbon fiber rods near the leading edges. Additional structural sup-
port was provided by 1.2-mm-diameter carbon fiber rods acting as
wing ribs.

The experimental platform shown in Fig. 2B consists of a servo
motor and a six-axis force and torque load cell (ATI, Nano 25). Us-
ing the encoder of the servo motor, the revolving speed of the wings
was directly measured and controlled with a proportional-integral
controller. The motor shaft was attached to a wing mount and a pair
of wings to be tested. The horizontal offset between the motor and
the load cell (150 mm) acted as a moment arm such that the thrust
was measured by the sensor as torque along one of the horizontal
axes. The drag torque was directly sensed along the vertical axis of
the transducer.

For identification experiments, each wing pair was mounted on
the setup at four or five wing pitch angles (between 0° and 50°), to-
taling 29 wing configurations. For each configuration, we measured
the thrust and torque of the revolving wings at four to six rotational
rates distributed between 2m and 14rn rad/s. At each speed, three
repeated measurements were carried out. Some data points at ex-
treme rotational rates with observable wing deformation were ex-
cluded from the analysis (see the Supplementary Materials). One
data point represents an average from a 20-s measurement taken at
200 Hz after the spinning rate had reached a steady state. A total of
12 to 18 data points were used to empirically determine the thrust
and torque coefficients of each wing configuration by linear regres-
sion (fig. S2). Thereafter, 29 pairs of empirical thrust and torque
coefficients were used for a nonlinear regression to evaluate a single
set of force coefficients. We applied the Nelder-Mead simplex algo-
rithm to obtain {Cro, Cr1, Cpo» Cp1} that minimizes the normalized
prediction errors of Crand Cg described by the objective function

A~ 2 ~ 2
. L (Cr-C Cq-Cq
arg Ming, ¢ ;,Coo.Co: iz <%> + <T (21)

where C 11Q’s represent predicted coefficients, Cryq’s are empirical
coefficients, and Cyyq’s are empirical coefficients averaged over 29
wing configurations.

Figure 2C compares the fitted and empirical coefficients. Within
the given configurations of wing, the RMSEs of the Crand C, pre-
dictions are 3.8 x 10° and 7.6 x 10 ° N - m - s*/rad”.

Propeller and DC motor models

The propeller’s thrust and drag torque depend not only on its spin-
ning speed ® but also on its axial translational velocity, equivalent
to the free-stream velocity in the axial direction v, = r,Q. For con-
ventional rotorcraft in hovering conditions, this velocity is often
negligible. In the proposed vehicle, the propellers undergo notable
translational speed originated by the vehicle’s yaw rotation. Hence,
the contributions from v, cannot be ignored.

Unlike flat wings with known parameterized profiles, conven-
tional rotor blades have varying degrees of blade pitch and thickness.
A strategy used in the blade element analysis of the flat revolving
wings is no longer suitable due to the complexity of the blade pro-
file. For these reasons, a lumped model developed in (56) was used.
The model assumes (i) a near-ideal pitch and chord variation
around the hub and (ii) that the lift coefficient is linearly propor-
tional to the angle of attack and the drag coefficient has a quadratic
dependence on the lift coefficient. Although these assumptions may
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be violated to a certain degree, the model has demonstrated validity
with propellers of similar scales (radius r, ~ 2 cm) (23). The lumped
parameter model provides the following expressions of thrust and
torque after integrating over the entire blades

P+
tp = (1 (1)2<Cz - Vlrpo;/s> (22)
KpVi + V.
Tp = ;0% + Tp t&%) (23)

where v; is the induced velocity and ¢;’s are lumped coefficients. Si-
multaneously, MT states that

ft, = 4n rf,p vilvi + vg) (24)

Equalizing Eqs. 22 with 24 produces

c ve \2 ¢ V. c Vs
W) (o) (85 7s) @0

Substituting the result back into Eqs. 22 and 23 yields the thrust
and torque coefficients, which are dependent on v/(r,®) and other
unknown constants (kp, 1, ¢z, €3).

To relate the propeller’s torque to the motor’s driving voltage, a
first-order model for brushed DC motors is used. The assumed
steady-state conditions imply that the current and angular speed are
constant, rendering the induced voltage and inertial terms insignif-
icant. Suppose all constant parameters are determined, equating the
motor torque T, = (U — kn®)km/Riy with Eq. 23 using v; from Eq.
25 enables us to numerically compute o from u,, and v;. In the end,
this replaces the dependence of win t, = cr@’ such that to = fo(tm, V).

Vi =

Motor parameter identification

The developed revolving-wing robot is equipped with two 7 mm-by-
20 mm coreless motors (rated speed of 49,000 rounds/min at 3.7 V).
To identify the relevant parameters, we exploit an alternative rela-
tion, T, = ki when i is the current, which leads to uy, = iRp, + kpo.
This allows Ry, and ky, to be empirically determined from measure-
ments of the driving voltage, current, and rotational speed.

A benchtop power supply (GW Instek GPD-3303S) was used to
generate different driving voltages. The voltage and current (through
a current sensor, GHS 10-SME, LEM Inc.) measurements were re-
corded through a data acquisition device (DAQ) (PCI-6229, Na-
tional Instruments). The motor was driven when affixed with a
propeller. Three types of propellers (fig. S11A), including a 40-mm
four-blade propeller used in the robot prototype and two larger
propellers, were selected for the identification to ensure that the
experimental data cover a sufficiently large range of i and w to con-
fidently deduce the values of Ry, and kp,. A noncontact tachometer
(UNI-T, UT372) was installed on the setup for rotational speed
measurements. For each propeller, the motor was supplied with
five voltages from 0.1 to 3.0 V at the increment of ~0.5 V, result-
ing in the variations in the current and angular rate up to 1.8 A and
2025 rad/s. The linearly regressed result (fig. S11B) confirms that the
dataset from three propellers adequately spans over the 2D fitted
plane (the RMSE of the predicted w is 25 rad/s; the residual errors of
o are shown in fig. S11C), allowing Ry, and ky, to be confidently esti-
mated as Ry, = 0.87 + 0.01 Q and k,, = (6.58 = 0.07) x 10~* Vs/rad.
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Propeller lumped model identification

The experimental platform used for testing the wing aerodynamics
(Fig. 2B) was adapted for the identification of the actuator’s model.
Two motor-driven propellers were oppositely attached to the
propeller mount residing on the shaft of the servo motor. Drive
electronics (Arduino MKR1000, motor drivers, and batteries) were
installed inside the propeller mount to allow the entire part to ro-
tate. The load cell measured the thrust generated by the two propel-
lers, amplified by the moment arm, through the torque about the
vertical axis.

To eliminate aerodynamic drag contributed by the spinning structure,
before the actual experiments, we separately measured the torqued
caused by the rotating platform without driving the propellers at 11
free-stream velocities up to over 10 m/s. The drag torque was as-
sumed a quadratic function of Q. The measurements were used to
compute the corresponding proportional constant. The obtained
drag model was used for subtraction of measured torque.

Measurements for the identification of the propeller’s coefficients
(c1, 2, €3, and x;,) were first acquired when the propellers were at
rest at seven voltages (12 data points in Fig. 2E). Then, at u,, =1.94 'V,
the torque measurements were taken when the platform rotated at
12 different speeds (v varied from 0 to over 11 m/s). We recorded
three measurements at each speed. The experiment was repeated with
Um = 2.75 V. All data were consolidated to estimate for propeller’s
coefficients by minimizing the squared errors between the thrust
measurements and the predictions from the derived nonlinear
model f,(4m, v5) using the Nelder-Mead simplex algorithm. Without
current measurements from the motorized platform, the current and
hence electrical input power can be estimated from the input volt-
age and measured thrust using the developed model and identified
model parameters.

Vehicle profile and optimization constraints
In the flight endurance optimization, the wing profile was parame-
terized with the locations of wing root 70 and wing tip rp, and
six-degree polynomial chord functions cp(r)= Yi=6vir". That is
0O = {rm,B:7ro0t> Ttips Y05 - - - Yo} (26)

The maximum platform size was constrained by imposing 7,
rip < 30 cm. The constraint on the wing aspect ratio was translated
into two parts. The first provides a lower bound for the desired as-
pect ratio AR = (ryp — rmot)z/f cp(r)dr = 3.5. The second part limits
the maximum chord length according to max; cp(r) < (riip — ro0t)/3.
This is to discourage solutions with severely uneven area distribu-
tion. Overall, it is desirable to obtain wings with sufficiently low
Rossby numbers (equivalent to the aspect ratio for a revolving wing)
so that LEV remains stable (55, 49).

Flight environment

Depending on the intention (open-loop or position-controlled flights),
the control board (Bitcraze, Crazyflie 2.1) was programmed with
customized flight controllers. Four reflective markers were mounted
on the robot to obtain the pose feedback from the motion capture
system (NaturalPoint, OptiTrack). In flight, a long-range radio
(Bitcraze, CrazyRadio PA) was used for wireless communication
with the ground station, transmitting the commands and logging
the sensory data from the robot (see the Supplementary Materials
for the implementation details).
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Power and efficiency evaluation

In the benchtop HIL setup for the revolving-wing drone, the robot
was mounted on the shaft of a servo motor of the rotating platform
to simulate the revolving flight condition. A current and voltage
measurement module with a separate power supply was installed on
the robot to directly evaluate the power consumption of the robot as
shown in fig. S8A. The module consisted of a single board comput-
er (Arduino MKR WiFi 1010) that allowed the measured voltage
and current during rotation to be logged via wireless communica-
tion at 30 Hz. To enhance the accuracy, an external 16-bit analog-
to-digital converter (ADC) was used to read the battery voltage and
output of the current sensor (ACS712) instead of the Arduino’s
built-in ADC. During the test, the effective motor voltage u,, (the
product of the battery voltage and duty ratio) was controlled in real
time via the prescribed motor commands.

In addition to the hovering revolving speed (18.8 rad/s), other
revolving speeds were also tested to inspect the effect of the free-
steam air on the power consumption of the motor-driven propel-
lers. As predicted by the derived model of a motor-driven propeller,
increasing the revolving speed lowered the power consumption
(fig. S8B).

The evaluation of the power consumption of a Crazyflie and the
benchmark quadcopter was carried out using a similar setup with-
out a rotating platform. The voltage and current were directly
logged using the DAQ (PCI-6229, National Instruments) through
the current sensor (GHS 10-SME, LEM Inc.). The results of all pow-
er measurements are reported in table SI.

SUPPLEMENTARY MATERIALS
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