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Flying insects capable of navigatingin highly cluttered natural environments can

withstand in-flight collisions because of the combination of their low inertia' and the
resilience of their wings?, exoskeletons' and muscles. Current insect-scale (less than
ten centimetres long and weighing less than five grams) aerial robots*® use rigid
microscale actuators, which are typically fragile under external impact. Biomimetic
artificial muscles’ ' that are capable of large deformation offer a promising
alternative for actuation because they can endure the stresses caused by such
impacts. However, existing soft actuators > have not yet demonstrated sufficient
power density to achieve lift-off, and their actuation nonlinearity and limited
bandwidth create further challenges for achieving closed-loop (driven by aninput
controlsignal that is adjusted based on sensory feedback) flight control. Here we
develop heavier-than-air aerial robots powered by soft artificial muscles that
demonstrate open-loop (driven by a predetermined signal without feedback),
passively stable (upright during flight) ascending flight as well as closed-loop,
hovering flight. The robots are driven by multi-layered dielectric elastomer actuators
that weigh 100 milligrams each and have a resonance frequency of 500 hertz and
power density of 600 watts per kilogram. To increase the mechanical power output of
the actuator and to demonstrate flight control, we present ways to overcome
challenges unique to soft actuators, such as nonlinear transduction and dynamic
buckling. These robots can sense and withstand collisions with surrounding obstacles
and canrecover from in-flight collisions by exploiting material robustness and vehicle
passive stability. We also fly two micro-aerial vehicles simultaneously in a cluttered
environment. They collide with the wall and each other without suffering damage.
These robots rely on offboard amplifiers and an external motion-capture system to
provide power to the dielectric elastomer actuators and to control their flight. Our
work demonstrates how soft actuators can achieve sufficient power density and
bandwidth to enable controlled flight, illustrating the potential of developing
next-generation agile soft robots.

Soft robotics™ ™ is an emerging field that aims to develop versatile
systems that can safely interact with humans and manipulate delicate
objects in unstructured environments. A major challenge in building
soft-actuated mobile robots involves developing muscle-like actuators
that have high energy density, bandwidth, robustness and lifetime.
Previous studies have described soft actuators that can be actuated
chemically?”, pneumatically'®'’, hydraulically*’, thermally**? or electri-
cally”®. Among these soft transducers, dielectric elastomer actuators
(DEAs) have shown a combination of muscle-like energy density and
bandwidth®, enabling the development of biomimetic robots capable
of terrestrial™**% and aquatic locomotion*?. However, although there
isgrowinginterestin developing heavier-than-air, soft-actuated aerial

robots, existing soft robots' ** have been unable to achieve lift-off
owing to limited actuator power density (<200 W kg™), limited band-
width (<20 Hz) and the difficulties of integration with rigid robotic
structures such as transmission and wings.

To enable controlled hovering flight of a soft-actuated robot, we
identify and address two major challenges: developing a soft actuator
with sufficient power density (>200 W kg™) and designing driving and
control strategies to account for actuation nonlinearity (see Meth-
ods section ‘Conceptual design of a DEA-powered aerial robot” and
Extended Data Table 1 for details on vehicle design and DEA perfor-
mance requirements). First, we develop a multi-layered, compact DEA
that has a power density of 600 W kg™ without requiring pre-strain.
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Fig.1|Robot design and flapping wing kinematics. a, Acomputeraided
design (CAD) model of a155-mg flapping-wing robot drivenbyaDEA.The
exploded view of the robot’s right half shows the actuator, connector, four-bar
transmission, wing and wing hinge. The circled region of the robot’s left
transmission is magnifiedinb. b, Enlarged top view of the robot’sactuator-
transmission-wing assembly. The DEA is pre-strained by 2% wheniitis attached
totherobot’stransmissions, whichinduces a static stroke angle bias of
approximately 15° (first panel). The DEA extension and contraction (second
and third panels, respectively) are translated into the rotational wing stroke
motion.c, lllustrations of the actively controlled wing stroke (a) motion (first

Second, weintegrate the DEAinto alightweight, flapping-wing mecha-
nismand utilize system resonance to remove higher harmonicsinduced
by the nonlinear transduction. In combination, we design a 155-mg
flapping-wing module that can be assembled into several configura-
tions. Using these modules, we are able to construct vehicles that not
only demonstrate passively stable ascending flight but also controlled
hovering flight.

Our robot is driven by a multi-layered DEA rolled into a cylindrical
shellto generate linear actuation (see Methods section ‘Fabrication of
robot components’ and Extended Data Figs.1and 2 for details on DEA
fabrication). The DEA is mounted in a light-weight airframe (Fig. 1a),
with the two ends of the DEA attached to planar four-bar transmissions.
This design allows one DEA to simultaneously actuate two wingsin a
manner analogous to what the indirect flight muscles doin neopteran
flying insects®. By using the planar four-bar transmissions, the DEA’s
axial extension and contraction are converted into the wing’s rota-
tional stroke motion (Fig. 1b). In quasi-static operation, the actuation
is unidirectional because DEA strain is proportional to the square of
the applied electric field. In dynamic operation, the DEA extends and
contractsasaresult of itsintrinsic inertia and stiffness, yet its elonga-
tion amplitude is larger than the retraction amplitude. To ensure the
mean wing stroke (a) motion is symmetric with respect to the robot
body, the resting wing stroke plane is offset by approximately 15°
(Fig. 1b) during robot assembly. The DEA is pre-strained by 2% when
itis attached to the robot transmissions, and this pre-strain loads the
elastic four-bar transmissions to introduce the wing stroke bias. This
small pre-strain does not noticeably change the DEA performance, and
the designis advantageous compared to artificial flight muscles with a

panel) and the passive wing pitch () motion (second panel).d, Animage
sequence of the flapping wing motion operated at 280 Hz. The time T'is
normalized to aflapping period (thatis, 0.5is halfa period). The left wing
stroke rotation (a;) induces passive wing pitch rotation (8)). e, Tracked flapping
wing kinematics that correspond to the experiment shownind. The wing
stroke (red) amplitudes of the left (solid line) and the right (dotted line) wings
are42°and41° respectively. The wing pitch (blue) amplitudes of the left (solid
line) and theright (dotted line) wings are 57° and 61°, respectively. f, Image of
flapping-wing microrobots driven by asingle actuator, two actuators, and four
actuators.Scalebarsina,d and frepresent5mm.

large pre-strain' (>100%) because it does not require arigid and heavy
supporting structure. In this way, the robot wing stroke (a) motion is
fully controlled by the actuator, whereas the wing pitch (f) rotation is
passively mediated by the compliant wing hinge (Fig. 1c). Figure1d and
Supplementary Video 1show a half flapping period actuated at 280 Hz.
The tracked wing stroke and pitch motion for the same experiment are
showninFig.1le. Onthebasis of an aerodynamic model developedina
previous study®’, we estimate that this flapping motion will generate a
net lift force of approximately 1.8 mN, corresponding to 1.2 times the
robot weight. This modular robot can be assembled into several con-
figurations to demonstrate different flight capabilities. For instance,
Fig.1f shows micro-aerial vehicles (MAVs) driven by one (centre panel),
two (left panel) and four DEAs (right panel). These vehicles exhibit open
loop lift-off (one DEA), stable ascending flight (two DEAs) and hovering
flight through feedback control (four DEAs), respectively.

To achieve flight of a soft-actuated robot, the DEA must have suf-
ficient power density and the robot transmissions and wings must
be designed around the actuator’s output force, displacement and
bandwidth. In contrast to previous studies" that developed pre-strained
acrylic DEAs to achieve large deformation (>30%) and high energy
density (>4) kg™) butlow bandwidth (<30 Hz), we use a silicone elasto-
mer as the dielectric material for the flight muscles to achieve higher
bandwidth (>400 Hz), combined with moderate strain (10-15%) and
energy density (1.13J kg™). For driving frequencies lower than 600 Hz,
our DEA’s blocked force (Fig.2a) isindependent of frequency because
its electrical properties are tuned to have a small RC time constant of
0.18 ms. The DEA’s free displacement (Fig. 2b) peaks at 15% strain when
itis driven at 500 Hz. The free displacement amplitude includes the
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Fig.2 | DEA performance, robustness, and collision sensing. a, b, Measured
DEAblocked force (a) and free displacement (b) as functions of operating
frequency and voltage amplitude.Inaandb, there are no experiments
conducted for the cases combining low frequency (<200 Hz) and high voltage
(>1,000V) because the elastomer cannotendure alarge electric field at low
frequencies. c,d, Frequency response of the DEA free displacement under an
inputvoltage of 600 V.cand d show the magnitude and phase of the frequency

contribution from the first and higher-order harmonics in response
to a sinusoidal driving signal. We observe a secondary peak of free
displacement (Fig. 2b) when the driving frequency is 250 Hz, owing
to exciting the second-order harmonic that is near the resonant fre-
quency (500 Hz). Our robot design utilizes the first harmonic to drive
the flapping-wing motion. By computing the fast Fourier transform
(FFT) of the DEA’s response to white noise, we quantify the magnitude
(Fig. 2c) and phase (Fig. 2d) of the linear part of its response. When
operated under the takeoff conditions (300 Hz,1,300 V), the DEA has
apower density of 300 W kg™ and a lifetime of over 600,000 cycles
(see Methods section ‘DEA performance characterization’ for details
onthe actuator characterization).

Powering MAVs using soft actuators has an advantage over state-of-
the-art flapping wing microrobots (<10 cm, <5 g) driven by rigid actua-
tors such as piezoelectric bimorphs® and electromagnetic motors®.
Although microrobotic components—such as the airframe, transmis-
sions and wings—are robust to collisions (because inertial contributions
diminish at the millimetre scale), rigid micro-actuators are fragile—
particularly the piezoceramicactuators (fracture strength and failure
strainare120 MPa and 0.3%, respectively) used in many similarly sized
devices**. In contrast, this DEA-driven microrobot is robust to colli-
sions. Forinstance, when one wing collides with an obstacle (Fig. 2e and
Supplementary Video 2), the impact is absorbed by the DEA because
of its high compliance and resilience. In addition, the DEA can detect
collisions (Fig. 2f) through concomitant actuation and sensing under
similar principles to that of electromagnetic motors* and piezoelec-
tric actuators™. Similarly, if an obstacle directly hits the DEA during
its actuation (Fig. 2g and Supplementary Video 2), the DEA deforma-
tion can also be detected by monitoring the current (Fig. 2h). These
experiments show that DEA is not only robust to collisions, but is also
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response, respectively. e, Aflapping wing repeatedly collides with an obstacle
whenthe DEAisoperatedat320Hzand 1,350 V.f, Measured DEA currentasa
function oftime. Thejumpinthe DEA currentindicates the onset of the wing-
obstaclecollisions. g, Arigid object presses down on the DEA that is operating
at320Hzand1,300V.h, Thejumpinthe measured DEA currentindicatesthe
time that the object makes contact with the DEA.Scalebarsineandgare 5 mm.

capable of sensing collisions with the environment (see Supplementary
Information section S1and Extended Data Fig. 3 for more experimental
results on collision sensing). Despite these favourable properties (such
as robustness and self-sensing), DEAs present challenges for achiev-
ing flight owing to their inherent nonlinearity. The strainin a DEA is
proportional to the square of the applied electric field’. Consequently,
asinusoidal driving signal does not result in symmetric up stroke and
downstroke motion (Fig.3aand Supplementary Video 3) because of the
influence of higher-order harmonics (see Supplementary Information
section S2 and Extended Data Fig. 4 for details on nonlinear actuation
and higher harmonics). For example, when operated at 100 Hz, the
wing down stroke exhibits aslow reversal from 7=0.5to T=0.7 (Fig.3a
and Supplementary Video 3). According to a previous aerodynamic
study?®, this slow wing reversal can result in a substantial reduction
in lift force. To mitigate the up stroke and down stroke asymmetry,
we drive the DEA near the resonant frequency of the DEA-transmis-
sion-wing system to amplify the fundamental harmonic and attenu-
ate higher harmonics. This asymmetry is substantially reduced when
the DEAis driven at a frequency that is higher than halfits resonance.
Comparedto flapping motion at 1Hz or 100 Hz, the slow wing reversal
is negligible when the driving frequency increases to 280 Hz (Fig. 3b
and Supplementary Video 3).

In addition to exhibiting nonlinear transduction, the DEA can
undergo dynamic buckling that substantially affects flapping motion
andreducesthelift force. When operated near the system resonance,
the DEA experiences a large compressive load that is due to the drag
force from the robot wing. This normal load causes the DEA to buckle
along a direction perpendicular to its actuation axis. The actuator
returns toits nominal configuration as this compressive loadis reduced
during wingreversal. Inthe next flapping period, the DEAbucklesin the



Time (period)
Constraint 1

Constraints 2 and 3

Fig.3 | DEA nonlinearity and dynamic buckling. a, Image sequence of the
robot flapping motion at 100 Hz for one flapping period. The up stroke and
down stroke are asymmetric. b, Tracked wing stroke motionat1Hz,100 Hzand
280 Hz. The wing stroke motionisasymmetric atlow flapping frequencies. The
nonlinear high-frequency modes are reduced by post-resonant inertial effects.
c,Images thatillustrate the DEA dynamic buckling. Thered lines indicate that
the DEA buckles and the wing stroke amplitude reduces.d, Tracked wing stroke

opposite direction owing to the momentum of the restoring motion.
Dynamic buckling substantially reduces the wing stroke amplitude
(Fig.3c,dand Supplementary Video 3), and it occurs at halfthe flapping
frequency (Fig.3d and Supplementary Video 3). Further, the large DEA
deformation causes excessive electrode self-clearing and substantially
reduces DEA performance and lifetime. Dynamic buckling canbe inhib-
ited by using circumferential constraints (in this case, strings) to limit
the DEA’s off-axis motion atits mid-plane (Fig. 3e). Figure 3f shows the
left wing’s stroke amplitude as a function of driving frequency and
voltage. The kinks of the green lines indicate stroke amplitude reduc-
tion due to dynamic buckling. Constraining the DEA’s off-axis motion
enables higher driving voltages and frequencies, which correspond to
higher wing stroke amplitudes. The red-shaded regionindicates oper-
ating conditions that are inaccessible without constraining the DEA.
Adding constraintsincreases the wing stroke peak-to-peak amplitude
by approximately 25°, leading to a1.6-fold increase in lift force.
Addressing the challenges of nonlinear actuation enables flight dem-
onstrations of the DEA-driven, flapping-wing microrobots. All flight
demonstrations are unconstrained, but the robots carry a thin tether
for offboard power supply and control. Driven by a single DEA, the
155-mg robot demonstrates open-loop lift-off. The net lift generated
by this MAV is approximately 1.8 mN, and it reaches a maximum height
of 1.5 cmin 90 ms (Fig. 4a and Supplementary Video 4). To mitigate
aerodynamic torque imbalances caused by fabrication and assembly
imprecision, a carbon fibre rod with a point mass is attached to the
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motion that corresponds to the experiment showninc. The wing stroke
amplitudereduces andthe flapping period halves. e, Three pieces of thread
circumferentially constrain the DEA to the robot airframe to eliminate out-of-
plane motion and inhibit dynamic buckling. f, Stroke amplitude as a function of
driving voltage and frequency. The red-shaded region represents the stroke
amplitudes and flapping frequencies that are unachievable without
constrainingthe DEA.Scalebarsina,canderepresent5mm.

robot’s airframe to adjustits centre of mass position. However, without
attitude (orientation of flying vehicle) and position control authority,
this intrinsically unstable robot flips over within 110 ms of lift-off.

To demonstrate stable ascending flight, we build a two-actuator,
four-winged robot (Fig. 1e) that uses precession around the body z-axis
toachieve passive stability. We bias the resting wing’s pitch angle dur-
ingrobotassembly toinduce anet yaw torque around the robot’s body
z-axis. The body z-component of the angular momentum induced by
precession rejects the robot’s pitch and roll torque imbalances. In an
open-loop takeoff experiment, we demonstrate that the robot reaches
aheight of23.5 cmwithin 0.83 s of open-loop takeoff (Fig.4b and Sup-
plementary Video 5). We also construct a dynamical model and use
numerical simulation to confirm the experimental observation on
passive upright stability. Our simulation (Fig. 4c) shows that the robot
ascends22.7 cmin 0.83 swithayawrate of 17.2 revolutions per second.
This passive stability property further enables us to operate more than
onerobotinaconfined space without the need of motion trackingand
feedback control. We demonstrate simultaneous takeoff flights of two
robots (Supplementary Video 6) and show that they are robust against
collisions with the surroundings and each other. In addition, passive
stability and collision robustness can provide the ability to recover
fromin-flight collisions or disturbances. Figure 4d and Supplementary
Video 6 show a collision recovery flight in which the robot takes off
fromthe centre of acylindrical shell, collides with the shell wall during
its ascent, and continues to fly upward after the collision. However,
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Fig.4|Robot flight demonstrations. a, Unstable lift-off of a155-mgrobot
drivenby one DEA. The robot reaches a height of 1.5cmand then flips upside
down owing to unstable body pitch rotation.b, ¢, Passively stable ascending
flight of a320-mgrobot driven by two DEAs. Both the experiment (b) and the
dynamical simulation (c) show that the robot reaches approximately 23 cm
within 0.75s of open-loop takeoff. The simulation shows that the robot
precesses atayawrate of 17.2 revolutions per second. d, The 320-mgrobot

passive in-flight collision recovery is a probabilistic event that depends
ontherobot’sflight speed and the collision impact. Without any robot
attitude sensing and feedback control, the robot may be destabilized
after experiencing one or multiple collisions (see Supplementary Infor-
mation section S3, Extended Data Figs. 5-9, and Extended Data Table 2
for a detailed discussion on passive stability, collision recovery, and
additional flight results).

To demonstrate controlled hovering flight, we designafour-actuator,
eight-winged robot (Fig. 1e) and use a motion tracking system?® and off-
board computation for sensing and control (see Supplementary Infor-
mation section S4, Extended Data Fig. 10, and Extended Data Table 3
for details on the controller design, implementation, experimental
validation and repeatability). Figure 4e shows composite images of
alé6-s hovering flight, and the red dot indicates the setpoint (desired
hovering position). Figure 4f shows the corresponding trajectory of
the same flight (Supplementary Video 7), and the colour scale repre-
sents the distance from the current position to the setpoint. For this
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remains passively upright stable after colliding with an obstacle and continues
to fly upward. e, Composite images of a16-s controlled hovering flight that is
demonstrated by a660-mgrobot driven by four DEAs. f, The tracked flight
trajectory correspondingto the experimentine. The colourscale denotes the
distance between the robot position and the set point (the desired hovering
position).g-i, Robotaltitude (g), xand y positions (h), and attitude (i) as
functionsof time.Scalebarsina,b,dandearelcm.

16-s flight, the maximum deviation of altitude, lateral position, and
body angles are 12 mm (0.2 body length (BL)), 36 mm (0.6 BL) and 9°,
respectively (Fig. 4g-i).

To summarize, these flights demonstrate the use of soft artificial
muscles as wing actuators having sufficient power density to enable
lift-offand having adequate bandwidth for flight control. Compared
to the state-of-the-art MAVs driven by microscale rigid actuators
(<500 mg), these soft-actuator robots have advantages such as in-
flight robustnessto collisions and self-sensing. A feature of the DEA’s
fabricationscalability is that it enables efficient production of robotic
modules that can be assembled in different configurations for various
functions. These properties will be important for enabling swarm
flight of MAVs in highly cluttered environments where collisions
are difficult to avoid. However, compared to a recent piezoelectric-
actuator-driven MAV?? that can demonstrate power-autonomous
takeoff flights, this robot consumes 15 times more input power and
requires a drive voltage 6.5 times higher. The robot’s weight and



net lift are 170% and 75% that of the state-of-the-art piezoelectric-
driven vehicle.

To enable power-autonomous flight in soft aerial robots, future stud-
iesneedtoreduceasoftactuator’s operating voltage, improveits power
efficiency and further increase its power density. Reducing actuation
voltage is crucial because up to 75% of the input electrical power can
bedissipated by compact high-voltage boost and drive circuitry (asin
arecent power-autonomous MAV*). This challenge of lowering driv-
ing voltage can be tackled by refining DEA multi-layering techniques
to further reduce the elastomer layer’s thickness. Towards improving
transduction efficiency, future studies could incorporate new architec-
tures of electrically actuated soft actuators such as the electrohydraulic
Peano-HASEL® actuators, which can use flexible metallic electrodes
toreduce resistive losses. To increase power density, electroactive
polymers with higher dielectric strengths and lower viscoelasticity
should be explored and incorporated into future soft artificial flight
muscles. From arobot design perspective, scaling up the vehicle size
can substantially mitigate the challenges associated with achieving
power autonomy. A larger vehicle size can provide alarger net payload,
whichallows therobotto carry alarger and more efficient boost circuit.
In addition, scaling up the wing size corresponds to a reduction of
operating frequency and leads to a linear increase in the DEA’s power
efficiency (see Methods section ‘DEA performance characterization’
and Supplementary Information S5 for a detailed discussion on future
directions to achieve power autonomous flights). More broadly, our
work demonstrates that soft-actuated robots can be agile, robust and
controllable. These characteristics areimportant for developing future
generations of soft robots for diverse applications such as environmen-
tal exploration and manipulation.
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Methods

Conceptual design of a DEA-powered aerial robot

The DEA-powered robot consists of five major components: an actua-
tor, anairframe, transmission, two wing hinges and two wings. The two
endsofthe DEA are connected to the robot transmission, and the DEA’s
linear actuationis converted to the flapping motion of both wings. The
structural design of this robot is similar to that of a microrobot powered
by piezoelectric actuators that was presented in a previous study>*.
However, we needed to redesign each component to accommodate
the soft actuator. In the following, we describe the design process to
determine key robot parameters and present the requirements on
DEA performance.

To achieve takeoff, the DEA must satisfy requirements for blocked
force, resonant frequency, free displacement and power density. Spe-
cifically, the actuator needs to meet two conditions. First, the robot
wings need to flap at sufficient frequency with adequate amplitude
to generate a lift force that balances the robot weight. This condition
places requirements on the DEA’s operating frequency and displace-
ment. Rearranging the equation thatimposes the lift force and robot
weight balance leads to the relationship:

ARX W)
o= L [ARME, M
2nf,R*T Cp

wherefis the robot’s operating frequency, ¢ is half of the DEA’s free
displacement at the frequency f, 7, is the wing’s second area moment,
Ris the wing span, Tis the transmission ratio, AR is the wing’s aspect
ratio, Wis therobot’s weight, C, isthe meanlift coefficient, pis the air
density, and f,, is a mass scaling ratio such that the extralift force can
be used for flight control. In addition to satisfying this kinematic con-
dition, the DEA needs to overcome the aerodynamic drag force during
flight, and this imposes a requirement on the DEA’s blocked force:

¢
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where Fyis the DEA'sblocked force, r,,, is the wing’s spanwise centre of
pressure, and Cpyis the time-averaged drag coefficient. The derivation
of equations (1) and (2) follows closely from equations (1) to (14) ina
previous work?*. In equations (1) and (2), we assume that the DEA’s
blocked forceisindependent of its actuation frequency. This assump-
tionis validated in the next section on DEA characterization. Multiply-
ing equations (1) and (2) gives a requirement for the DEA’s output
mechanical power.

The design of a DEA-powered aerial robot also needs to satisfy an
additional condition because the DEA’s actuation is nonlinear with
respect to input voltage. With a sinusoidal input, the DEA’s actuation
contains higher-order harmonics that can adversely affect flapping-
wing kinematics. As discussed in the main text, we attenuate higher-
order harmonics by setting the robot operating frequency close to the
natural frequency of the DEA-transmission-wing system. A previous
study®* shows that the actuator-transmission-wing system can be
described by alumped-parameter model. The system resonant fre-

quencyis given by:
ko +k.T?
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where k., is the DEA’s intrinsic stiffness, m, is the DEA’s mass, k. is the
transmission’s torsional stiffness, and /,,is the wing’s moment of inertia
relative to the stroke rotational axis. For our robot, the transmission
stiffness is much lower than the DEA’s effective stiffness. To obtain a
higher operating frequency, this condition requires a smaller wing
moment of inertia. The wing moment of inertia can be decreased by

reducing wing size. Using equations (1) to (3), we select values for
the transmission ratio and the wing size while satisfying constraints
imposed by our fabrication methods (that is, minimum feature size,
wing inertia and so on). The values of these design parameters are
reportedin Extended Data Table 1. Using these parameters, we obtain
the following requirements foral00-mg DEA: F;=0.2N, f=290Hz, and
6=0.3 mm. Multiplying these parameters shows that the DEA needs to
have aminimum output power density of 200 W kg ™. This requirement
is similar to that for the MAVs powered by piezoelectric actuators®and
to the power density values estimated for flying insects.

Fabrication of robot components

The robot airframe, transmission, wings and wing hinges are made
using an existing multi-scale, multi-material fabrication method™®.
The airframe consists of eight pieces of 160-pm carbon fibre laminates
assembled manually and reinforced with glue (Loctite 495) (Extended
DataFig.1a). The robot transmission is a planar four-bar mechanism.
The transmissionratiois approximated as T=14", where thelink length
Lismarkedin Extended DataFig.1b. The robot transmissionis attached
tothe DEA viaafibreglass connector, whichinsulates the robot struc-
ture from the DEA’s driving signals. Further, the transmission connects
the airframe and the wing hinge. A wing is attached onto the robot’s
wing hinge. The wing hinge and wing are designed according to an
existing method?®, and their geometries are illustrated in Extended
DataFig.1candd.

The DEA takes the form of a cylindrical shell, whose height and radius
determine the actuation frequency, blocked force and free displace-
ment. The DEA is made of amulti-layering process’, and itis rolled from
arectangular elastomer sheet that has embedded electrodes. Since the
DEA drives two wings simultaneously, its free displacement needs to be
larger than 600 pm (twice the value of the design parameter 6). Based
on the values of DEA free displacement, peak loading, and elastomer
stiffness, we set the actuator length to 8 mm. To obtain ablocked force
over 0.2 N, the elastomer sheet (before roll-up) width isset to 5 cm.
This elastomer sheet is approximately 220 pm thick, and itis manually
rolled into a cylindrical shell whose inner and outer diameters are 1.5
mm and 4.5 mm, respectively.

The elastomer is a 5:4 mixture of Ecoflex 0030 (Smooth-On) and
Sylgard 184 (Dow Corning). The ratio of crosslinker in Sylgard 184 is
1:40. We put a thin layer of carbon nanotube (CNT) (from Nano-C) on
the elastomer and use it asthe DEA’'s compliant electrode. For coating
the electrode, we use 150 pl of CNT solution over a 90-mm-diameter
polytetrafluoroethylene (PTFE) filter (Satorius 7022P). The procedures
for elastomer preparation, spin coating and electrode patterning are
adopted from a previous study?®.

We made several modifications to the fabrication processtoincrease
DEA power density and endurance. First, DEA power density can be
increased by having an even number of CNT layers. Extended Data
Fig. 1e shows the rolling process of a multi-layered DEA. We use grey-
colouredregionsto denote the elastomer layers. The positive and nega-
tiveelectrodes are represented by red and black lines, respectively. We
represent the bottom elastomer layer with adarker grey colour. When
the elastomer sheetis rolled into a cylindrical shell, the DEA’s bottom
layeris putinto contact withits top layer. Thisisillustrated by theinset
shown in Extended Data Fig. 1f. The region highlighted by blue lines
further shows that a new layer is formed by the DEA’s top and bottom
elastomer layers and electrodes. If the top and bottom electrodes are
oppositely charged (as illustrated in Extended Data Fig. 1f), then this
effective layer develops anelectric field and contributes toactuation.
We must have an even number of electrode layers to ensure that the
bottom and top electrodes are oppositely charged.

Inthis work, our DEA design has six CNT and seven elastomer layers.
Further, if the top and bottom elastomer layers have the same thick-
ness as all other layers, then the electric field in this new layer is only
half that of other layers because the effective layer thickness is ¢, +



tyoom (Extended Data Fig. 1g). Hence, reducing the top- and bottom-
layer thickness increases the electric field in the additional layer, and
this results in an increase in DEA output power. We use a faster spin-
coating speed (2,700 revolutions per minute) for the top and bottom
layer and aslower speed (1,700 revolutions per minute) for the middle
layers. Through reducing the top and bottom elastomer layer thickness
by approximately 35% (Extended Data Fig. 1h), we obtain an 11% mass
reductionanda9%increase inoutput power relative to a DEA with con-
stant elastomer layer thickness. After making the elastomer layers and
transferring the electrodes, we cut out the DEA from the elastomer sub-
strate and rollitinto a cylindrical shell. In the previous study’, the DEA
is cut out manually witharazor blade. Our application requires higher
accuracy, so we program adigital cutter (Silhouette Cameo) to cut out
the DEA. The DEA’s length is set to 8.6 mmincluding the exposed CNT
tabs for electrical connection. With this modification, variationin the
DEAlengthisreduced towithin 150 um. Having a precise DEA lengthis
crucialforattaching the DEA to the robot transmission during assembly.

In addition, the DEA’s bandwidth depends on several factors such
as elastomer mechanical viscoelasticity (tand), DEA geometry, and
electrode conductivity. Here, we improve the fabrication process
relative to a previous study® to ensure good conductivity during DEA
actuation (Extended Data Fig. 1i). After the DEA is rolled into a shell,
carbon conductive adhesive (Electron Microscopy Sciences) is applied
totheexposedelectrodes and carbon fibre endcaps are glued to each
end. For driving our flapping wing robot, the DEA needs to overcome
aerodynamicdrag during both elongation and retraction phases. Dur-
ing DEA retraction, aerodynamic drag opposes the DEA motion and
applies atensile stress on the DEA connections. At peak loading, this
tensile stress weakens the bonding between the elastomer and the
endcap, anditcancreatelocal tears and further lead to delamination.
This delamination reduces electrical conductivity, which increases
the DEA'stime constant and reduces its bandwidth. We overcome this
problem by modifying the fabrication processtoincrease the endcap
adhesion strength. During fabrication, Loctite 416 is applied to the
outer perimeter of the elastomer shell and the endcaps. The DEA is
compressed withamass of 18 gand thenbaked at 72 °C for 4 h. The glue
curesinthis process and holds the electrical connectionsin compres-
sion. The preloadis removed after the glue cures, and other regions of
the DEA return to aneutral state. A photograph of the DEA isshownin
Extended DataFig. 1j. With this procedure, we obtain an approximately
four-foldincrease in DEA conductivity compared to those made using
previous methods’.

DEA performance characterization

Here we describe the experimental characterization of the DEA’s
blocked force, free displacement, bandwidth, power consumption and
efficiency. To measure the DEA's blocked force, we place the DEA under
aforce sensor (Nano 17 Titanium). The sensor is mounted on a two-
axis stage and is lowered until it touches the DEA’s top cap (Extended
Data Fig. 2a). To ensure the DEA remains securely affixed under the
sensor during its retraction phase, we continue lowering the sensor
toinduce a preload of approximately 0.05 N. The sensor resolution
and the resonant frequency are 1.5 mN and 3,000 Hz, respectively.
We sample the sensor reading at 10 kHz and apply a 1,500-Hz non-
causal low-pass filter to post-process the data. To measure the DEA’s
free displacement, we place a DEA under alaser vibrometer (Polytec
PSV-500). The vibrometer measures the instantaneous velocity of the
DEA’s oscillatory motion (Extended Data Fig. 2b) approximately 40
times per period. For time sequence measurements, the vibrometer
averages over five cycles to reduce measurement noise. The measured
velocity is integrated numerically to calculate the DEA displacement.
Inaddition, the vibrometer can measure the DEA’'s frequency response
by driving the DEA with white noise and computing the FFT of the dis-
placement. This measurement gives a linear approximation of the
device frequency response. It quantifies the DEA’s resonant modes

and phase shift (Fig. 2c, d). This information is useful for robot design
because the DEA’s motion is approximated as linear around system
resonance at flight conditions.

Sample experimental measurements of blocked force and free dis-
placement are shown in Extended Data Fig. 2c and d, respectively.
In these experiments, the DEA is driven at 350 Hz and 1,300 V. The
amplitude of the DEA’s blocked force is calculated as the maximum
value of the measured force and it does notinclude the preload force
(therange is labelled by the red arrows in Extended Data Fig. 2¢). In
our experiments, we vary the preload in the range of 0.025N to 0.1N
and find that the magnitude of preload has a negligible effect on the
blocked force measurement. The amplitude of the DEA’s free dis-
placementis calculated as the difference between the maximum and
the minimum value (as indicated by the red arrows in Extended Data
Fig.2d). We report the peak-to-peak displacement value because the
DEA does mechanical work during both elongation and retraction.
To characterize DEA performance for different operating conditions
(Fig.2a,b), wevaryinput voltage amplitudes and driving frequencies
from800Vt01,300V,and from1Hzto 600 Hz.Based on the force and
displacement measurements, the actuator energy and power density
are calculated as:
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Equations (4) and 5 assume the elastomer’s stress-strain relationship is
approximately linear. Through conducting tensile tests using an Instron
materials testing machine, we find that the elastomer exhibits alinear
response for a strain less than 20%. The elastomer Young’s modulus
is measured to be 140 kPa. The maximum measured energy density
(Extended DataFig. 2e) and power density (Extended Data Fig. 2f) are
1.13) kg™ and 563 W kg™, respectively (at 500 Hzand 1,300 V). These
values satisfy the criteria for robot takeoff (Supplementary Informa-
tion section S1). The DEA’s driving voltage can be further increased
t0 1,500 Vin controlled hovering flight demonstrations, so the DEA’s
peak power density is estimated to be 15% higher than the reported
value. The DEA experiences dielectric breakdown for adriving voltage
higher than1,500 V.

In our flight experiments, the robot is driven by an external power
source through a thin tether. Here we quantify the DEA’s resistance,
capacitance, power consumption and efficiency. These parameters
areimportant for achieving power autonomous flights in future stud-
ies. To quantify the DEA’s power consumption, we measure the DEA’s
input voltage (V) and corresponding current (/) at flight conditions.
The average electrical power input is:

.
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A sample measurement of instantaneous power is shown in Extended
Data Fig. 2g, in which the average power consumption is 450 mW. We
further measure the DEA’s resistance and capacitance by sending a step
input and measuring the corresponding current response. The system
ismodelled as a RC circuit, and parameters such as series resistance,
capacitance and time constant can be obtained by fitting a first-order
system to the current response. The DEA’s resistance, capacitance,
and time constant are 170 kQ, 1.04 nF and 178 ps, respectively. Having
calculated the DEA’s resistance, we further compute the average power
dissipated due to electrical resistance:

Pie=R [ P @
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The DEA electrode dissipates 330 mW of power at flight conditions.
The mechanical power output at this operating conditionis calculated
asP= %FB6f, where the values of Fz, §and fare 0.19 N, 0.89 mmand 300
Hz, respectively. The estimated power outputis 25 mW, whichimplies
that the DEA efficiency is 5.6%. Over 73% of the power is dissipated by
the electrode resistance, and the rest of the power dissipation is con-
tributed by the elastomer’s viscoelastic damping.

This power dissipation leads to substantial heating of the DEA. The
system can be described by afirst-order conduction model:
dr Q
P — _ + =
de K(T=T) C
where Tisthe DEA temperature, T,is the ambient temperature, Kisthe
dissipation rate, Qs the heat inflow, and Cis the DEA’s heat capacity.
This first-order differential equation has a closed form solution. The
solutions for the rising and the cooling phases are:

(8
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where T;is the initial temperature at the onset of cool down. The dis-
sipation coefficients (K; and K;) in the heating and the cooling phases
are different because the flapping motion during the heating phase
induces an airflow that facilitates convective cooling. The values of
these modelling parameters are reported in Extended Data Table 1.

We useaFLIR T440 thermal camera to measure the DEA temperature
when the robot operates under takeoff conditions (Extended Data
Fig.2h). The DEA temperature increases from 28 °C to 70 °Cin 90 s.
An analytical fit is superimposed on the same graph (Extended Data
Fig.2h).Snapshots of athermal video are shown in Extended Data Fig. 2i.
The maximum DEA temperature reaches 70.0 °C before cool down. This
experiment shows most of the input electrical power is dissipatedin the
formof heat. Generating excessive amount of heat canlead to thermal
failure and reduce actuator lifetime. Through our experiments, we
find that our DEA can operate for over 600,000 cycles under takeoff
conditions, equivalent to 33 min of flight time.

Inthis study, our DEA has alow transduction efficiency of 5.6%. This
low transduction efficiency would not be conducive to power-autono-
mousflights. Inaddition, it requires a1,300V driving signal to achieve
takeoff, which creates challenges for developing high-efficiency boost
circuitry. Although this study does not aim to achieve power-autono-
mous flight, itisimportant to identify major challenges and potential
solutions. Future studies should focus onincreasing the DEA electrode’s
conductivity, reducing elastomer layer thickness to reduce the driv-
ing voltage, and redesigning the DEA geometry and robot wings to
reduce the flapping frequency. First, increasing electrode conductiv-
ity will lead to areduction of resistive power loss. This can be done by
exploring new electrode materials such as ahybrid network of carbon
nanotubes, graphene andsilver nanowires® or intrinsically stretchable
electrodes such as conductive hydrogels® or liquid metal. Second,
reducing elastomer thickness will reduce the operating voltage. We
can achieve this by increasing the spin-coating speed or exploring

alternative method such as using an automatic thin film applicator.
Further, the spin coating and the electrode transfer process canbe done
inaclean room environment to reduce the number of particulates in
the elastomer and onthe electrodes. Third, new electroactive materials
such as bottlebrush elastomers® can be explored to further increase
the actuator’s energy density. In addition, our experiments show that
DEA power consumption is linearly proportional to its operating fre-
quency. To reduce power expenditure, future studies can redesign
the DEA geometry and robot transmission to reduce system resonant
frequency. Alternatively, nonlinear controllers canbe developed so that
the DEA motion does not need to be linearized around its resonance.
Beyond improving the DEAs, we can apply a new class of electrostatic
actuators named Peano-HASEL***° that have shown promise for achiev-
ing very high energy density and moderate bandwidth. For that class
ofactuators, itwould beimportant towork on device miniaturization
toreduce the driving voltage.
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Extended DataFig.3|Robotin-flight collisionand damage sensing.a, b, A
compositeimage (a) and the measured DEA current (b) of ashort takeoff flight
without any collisions. c-f, Two takeoff flights in which the robot hits a wall
duringitsascent. Thered circlesincand emark the collisionevents and they
correspondtothe currentspikesind andf, respectively.g, h, Arobot takeoff

520 ms J 25
g Loss of a wing
€ 235
<
5
o
2.2
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e— Time (s)

flightinatransparentbox. The robot makes multiple collisions and thered
circlesingandhrelate these collisions to DEA current changes. ,j, Animage
sequence (i) and the measured current (j) of aflapping-wing characterization
test. Onerobot wing falls off during the experiment and this eventis detected
by measuring the DEA current.Scalebarsina,c,e,gandirepresentlcm.
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that the fundamental harmonic grows and the second harmonicis attenuated.
b, Right wing stroke amplitude as a function of driving voltage and frequency.
Theredregionrepresentsstroke amplitudes and frequencies that cannot be
achieved without constraining the DEA. The data correspond to the same

experimentshowninFig. 3f.

Extended DataFig.4 | DEA actuation nonlinearity. a, FFT of the tracked wing
stroke kinematics whenawingis driven at1Hz,100 Hzand 280 Hz. The stroke
kinematics data are taken from that showninFig.3b. Thereis asubstantial
second-order harmonic for the cases of 1Hzand 100 Hz. When the wing is
drivennear the systemresonant frequency (280 Hz), thered circlesindicate
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Extended DataFig.5|Repeated unstable takeoffflights. a-c, Three takeoff DEAs. Ind-f, therobot pitches forward and eventually flips over owing to
flights of arobot with one DEA. In these flights, the robot flips upside down asymmetric lift forces from the front and the back robot modules. Ing-i, the
within 200 ms after lift-off owing to aerodynamic torque imbalances from the robot rolls sideways and flips over owing to lift force imbalances between its

twowings. d-i, Unstable (pitch and roll) takeoff flights of arobot with two leftand right wings. Scalebarsina-irepresentlcm.
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Extended DataFig. 6 | Illustration of robot yaw torque generation through motioninthe up stroke and down stroke phases of the wing motion, which
biasing the mean wing pitchangle. a, Illustration of wing pitch biasinaone- leads to different drag forces. ¢, Two one-DEA modules having the same yaw
DEA module. Thered arrowsindicate the directions of the mean drag force torque biasdirection areassembledinto atwo-DEArobot.d, Two two-DEA
caused by biasing the wing pitch. The net drag forces from the two wings modules having opposite yaw torque bias directions are assembled into a four-
inducearobotyaw torque.b, The inset shows the motion ofawing chordona DEArobot.

two-dimensional plane. The wing pitch bias causes different wing pitching
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Extended DataFig.7|Simulation of open-loop ascending flight and
comparison with experimental results. a, Coordinate system definition of the
four-wingrobot model.Scalebar represents1cm. b, Top view schematic of the
four-wingrobot./,and[,denote the distance from the robot’s centre of mass to
eachwing’s centre of pressure. ¢, Comparison of measured and simulated yaw
() motion. The robot makes 11 revolutions with respect toits zaxis 0.8 s after
takeoff.d, Comparison of measured and simulated yaw rate (¢). The steady-
state angular velocity of therobot’s yaw rateis 17.5 revolutions per second.

e, Simulated pitch (¢) and roll (8) motion. Our simulation predicts that the
steady-state oscillation with respect to the robot’s Xand Y axesis smaller than
3°.f, Simulation results of the robot’s displacement after takeoff. The
experimental measurement of the robot’s vertical motionis superimposed on

thesamegraph. The datashowninc-fcorrespond to the simulationand
experimentshowninSupplementary Video 5and Fig. 4b, c. g-0, Dynamical
simulation of robot takeoff flights under different values of body yaw torque.
g, Robotaltitudeas afunction of time. h, Azoomed-in plot of robot altitude
shortly after takeoff. This plot corresponds to theredregioning.i, Robot
altitude at one second after takeoffas afunction ofinput body yaw torque.
Jj,Robot pitch motion as afunction of time.k, Azoomed-in plot of robot pitch
thatcorrespondstotheredregioninj.l, Maximumrobot pitch deviationasa
function of input yaw torque. m, Robot roll motion as afunction of time.

n, Azoomed-in plotof robotroll that corresponds to thered regionin

m. o, Maximum robotroll deviation as afunction ofinput yaw torque.
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Extended DataFig. 8| Three passively stable ascending flights of arobot
with two DEAs. a-c, Compositeimages of three one-second, open-loop
ascending flights. d-g, Tracked robotaltitude (d), xand y centre-of-mass
position (e), pitchand roll orientation (f) and yaw rotation (g). The datashown
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ind-gcorrespond to the flight shownina. Similarly, h-k and I-o show the
tracked flight data corresponding to the flights showninband c, respectively.
Suddenjumpsinthetracking data (h,i,Iand m)indicate the time at which the
Viconmotion capture system loses tracking. Scale barsina-crepresent5cm.
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Extended DataFig. 9 | Robot unbalanced takeoffflights and a failed collision  (e), and yawrotation (f). The datashownin c-fcorrespondtotheflightinb. The
recovery experiment. a, Acompositeimage ofa 0.5-s open-loop takeoff flight redcircleineillustrates the large robot pitch and roll deviation after takeoff.
captured at 3,000 frames per second. The robot pitch deviationis Thered-shaded regionsinc-fshow the changes of robot positionand
approximately 35° at 85 ms after takeoff. b, Acompositeimage ofal-sopen- orientation afteritis pulled by its tether.g, Anexample of afailed collision

loop takeoff flight conducted in the Vicon motion tracking arena. c—f, Tracked recovery experiment. Therobot is destabilized after making the third collision.
robotaltitude (c), xand y centre-of-mass position (d), pitch and roll orientation Scalebarsina,b,andgrepresent5cm.
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Extended DataFig.10| Controller design of the eight-wing robot and tracking system’s coordinate system) and attitude data of five 10-s hovering
hoveringflight repeatability. a, Perspective view of the eight-wing robot with flights. Inthese flights, we do not control the robot’s yaw motion. ¢, f,i,1,0, The
asuperimposed coordinate system. The pitch (¢), roll (6), and yaw (¢) angles first columnshows therobot’s altitude asafunctionof time.d, g,j, m, p, The
aredefined withrespecttothe fixed X, Yand Zaxes. Scale bar represents1cm. second columnshows therobot’s lateral position as afunction of time.e, h, k,
b, Top view schematic of the eight-wing robot. /.and /,denote thedistancefrom  n,q, Thelast columnshows the robot’s pitch (¢) and roll () motionasa
therobot centre of mass to the geometric centre of each DEA. c-q, Tracked function of time.

robot position (displacementrelative to the origin of the Vicon motion



Extended Data Table 1| Parameters for the conceptual design of the two-wing robot

Parameter Symbol Value
Robot mass m 160 mg
Mean drag coefficient Cp 1.6
Mean lift coefficient [ 0.7
Transmission ratio T 2530 rad'm™
Maximum lift to weight ratio fin 1.2
Robot transmission dimensions tLw,l 25 um, 1.2 mm, 200 um
Young’s modulus of polyimide film E 2.5 GPa
Wing aspect ratio AR 3
Wing span R 9.9 mm
Wing span wise moment of inertia y - 15 mg-mm?
Wing span wise center of pressure Fep 7 mm
Air density P 1.2 kg'm™
Wing hinge geometry th, Wh, I 7.5 um, 2.65 mm, 110 pm
DEA mass My 100 mg
DEA natural resonance frequency Jres 465 Hz
Heat generated during operation 0 02575
DEA heat capacity C 0.15 7K™
Ambient temperature T, 28.7 °C
Initial temperature at onset of cooling T; 70 °C
Heat conduction rate during heating K 0.04s™
Heat conduction rate during cooling K 0.022s!
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Extended Data Table 2 | Physical and simulation parameters for the four-wing robot

Parameter Symbol Value
Mass m 320 mg
. L 2.99% 10%,2.41x 103,
Principal moment of inertia Lixs Iyy, Iz 3.13% 10*mg- mm’
Distance to robot center of mass Iy, 1y 13.3, 7mm

Lift force of each wing

FLI)FLzaFL37FL4

0.86, 0.81, 0.82, 0.88 mN

Drag force of each wing

Fpi, Foo, Fps, Fpa

0.29,0.29, 0.29, 0.29 mN

Body damping force coefficient

by

0.5 mg-mm’

Body damping torque coefficient

by

1.5 10® mg-mm’

These parameter values correspond to the simulation results shown in Extended Data Fig. 7.




Extended Data Table 3 | Values of flight controller parameters for hovering flights

# dﬂﬁlotn A A Ao\ A M| A a B | yuyzY3 Y4
(s) (s ) | P [ ED D] | (VmN) | (V) V)
1 10 | 13608 | 6631 | 798 | 62 | 25 | 125| 82 |1172| 38,80, 69, 34
2 10 | 13608 | 6631 | 798 | 62 | 25 | 125 | 82 |1172 | 38,80, 69, 34
3 10 | 27216 | 9946 | 570 | 57 | 25 | 125 | 82 |1172| 38,80, 69, 34
4 10 | 30618 | 9946 | 570 | 57 | 25 | 125 | 82 |1172| 38,80, 69, 34
5 10 | 54432 | 13262 | 713 | 71 | 25 | 125 | 82 | 1172 | 38,80, 69, 34
6 16 | 54432 | 13262 | 713 | 71 | 30 | 150 | 82 | 1172 | 38,85, 74,34

These values correspond to the flights shown in Fig. 4e-i and Extended Data Fig. 10.
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