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Aerial insects are exceptionally agile and precise owing to their small size and fast neuromotor control. They

perform impressive acrobatic maneuvers when evading predators, recovering from wind gust, or landing on moving
objects. Flapping-wing propulsion is advantageous for flight agility because it can generate large changes in
instantaneous forces and torques. During flapping-wing flight, wings, hinges, and tendons of pterygote insects
endure large deformation and high stress hundreds of times each second, highlighting the outstanding flexibility
and fatigue resistance of biological structures and materials. In comparison, engineered materials and microscale
structures in subgram micro-aerial vehicles (MAVs) exhibit substantially shorter lifespans. Consequently, most
subgram MAVs are limited to hovering for less than 10 seconds or following simple trajectories at slow speeds.
Here, we developed a 750-milligram flapping-wing MAV that demonstrated substantially improved lifespan,
speed, accuracy, and agility. With transmission and hinge designs that reduced off-axis torsional stress and defor-
mation, the robot achieved a 1000-second hovering flight, two orders of magnitude longer than existing subgram
MAVs. This robot also performed complex flight trajectories with under 1-centimeter root mean square error and
more than 30 centimeters per second average speed. With a lift-to-weight ratio of 2.2 and a maximum ascending
speed of 100 centimeters per second, this robot demonstrated double body flips at a rotational rate exceeding
that of the fastest aerial insects and larger MAVs. These results highlight insect-like flight endurance, precision,

and agility in an at-scale MAV, opening opportunities for future research on sensing and power autonomy.

INTRODUCTION
Insect flight is characterized by fast body dynamics, complex flapping-
wing kinematics, and unsteady aerodynamics. Fast neural reflexes
and motor control enable aerial insects to quickly evade predators
(1) and recover attitude stability (2). When aerial insects execute
banked turns (3), body saccades (4), or inverted landing (5), they ex-
perience large rotational speeds (>2000° s*) far exceeding those of
birds and micro-aerial vehicles (MAVs). Aerial insects are also pre-
cise flyers when they hover around a flower’s anther amid a gentle
breeze. This exceptional agility and precision are enabled by flapping-
wing propulsion that can generate large instantaneous forces and
torques. During flight, the insect wing hinge converts the power mus-
cle oscillation into a back-and-forth wing motion ranging from tens
to hundreds of times per second. This biomechanical structure is
sophisticated and durable. It exerts precise control of wing kinematics
through many steering muscles and endures large tensile and com-
pressive stress induced by aerodynamic loading and muscle actua-
tion. For instance, the Drosophila wing hinge connects to 12 steering
muscles (6), and it can control the wing beat motion along all three
rotational axes with a fine resolution of less than 2°. When a fly en-
counters a large disturbance, evades predators, or suffers wing dam-
age (7), the flapping frequency and amplitude are adjusted over large
ranges of 50 Hz and 30°, respectively. Under these harsh mechanical
conditions, the hinge can operate millions of wing beat cycles, criti-
cal to the survival and functioning of aerial insects.

Inspired by tiny natural flyers, researchers have developed nu-
merous biomimetic MAV's (8-12) with the goal of achieving insect-
like flight capabilities. Mesoscale (10 to 30 g) flapping-wing robots
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(8,9, 13, 14) have demonstrated stable hovering flight and biomim-
icking maneuvers such as saccade and body flips. However, owing to
their larger sizes and weights, these robots have slower body dynamics.
Their wing beat frequencies and maximum body angular velocities
are substantially slower than those of aerial insects. To miniaturize
robot size, electromagnetic motors must be replaced by low-friction
and power-dense microscale actuators. Piezoelectric bimorph actu-
ators (15) exhibit high bandwidth and force density, and they lead to
a class of subgram MAVs (10, 16-18). These robots have achieved
hovering flight (10), trajectory tracking (16), and biomimetic demon-
strations such as perching (19) and hybrid aerial-aquatic locomotion
(20). Recently, power-dense dielectric elastomer actuators (DEAs)
were developed and applied in subgram MAVs (21). The soft actua-
tors exhibited muscle-like robustness and resilience, enabling dam-
age resilience (22) and collaborative payload transport (23). These
advances highlight the unique flight capabilities of subgram MAVs
in comparison with mesoscale aerial robots.

However, the flight performance of aerial insects remains far su-
perior to that of subgram MAVs. Aside from relying on off-board
power and control, subgram MAV's have limited flight endurance,
speed, accuracy, and agility. This performance gap is largely attrib-
uted to the lack of fabrication methods and engineered materials for
building similar biomechanical structures in insects. Although the
smart composite manufacturing (SCM) (24) method can fabricate
three-dimensional (3D) structures with micrometer-level resolu-
tion, it remains difficult to incorporate compatible materials that
exhibit high flexibility and durability. For example, the elastomeric
protein resilin is a durable, elastic, and low-loss material found in
the insect wing hinge ligament. It can be stretched up to three times
its nominal length and shows a fatigue limit of 300 million cycles
(25). In contrast, biomimetic flexures in MAV's are built with thin-
film polyimide, which has an elongation ratio and fatigue limit of
merely 0.72 and 300,000 cycles, respectively. Under a similar ge-
ometry, the transmission and hinge in subgram MAVs exhibit
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substantially shorter lifespans. Owing to this materials challenge,
most existing subgram MAVs (26) are limited to short flights of
within 10 s, and they require frequent tuning and repair. The lack of
flight endurance also constrains other flight capabilities. Given a
short lifespan, it becomes difficult to accurately estimate the robot’s
inertial parameters, measure force and torque mappings, and de-
velop well-tuned controllers. Most subgram MAVs (10, 16, 27) are
limited to performing hovering flights or following simple trajecto-
ries at a speed lower than 10 cm s . In the rare example of perform-
ing a somersault (28), previously described robots could not recover
attitude stability before rebounding on the floor, which is caused by
inaccurate force and torque mappings under a limited number of
characterization experiments. These limitations underscore the im-
portance of developing a durable subgram MAV, which is critical to
improve flight speed, accuracy, and agility.

In this work, we developed a 750-mg four-winged MAV (Movie 1
and Fig. 1, A and B) with substantially improved flight endur-
ance, speed, accuracy, and agility. We identified oft-axis loading
as the main contributor to flexure fatigue and failure and then de-
signed an airframe, a transmission, a hinge, and a wing (Fig. 1C)
to minimize off-axis torsion. The robot demonstrated a 1000-s
hovering flight, two orders of magnitude longer than most exist-
ing subgram MAVs. This long lifespan allows extensive robot
characterization and leads to a flight controller that improves
flight precision under dynamic conditions. The robot demon-
strated a sequence of trajectory-tracking flights with subcentime-
ter accuracy and an average speed of 30 cm s™'. As an example,
Fig. 1D shows a composite image where the robot followed the
letters “MIT,” with a root mean square (RMS) position error of
0.73 cm. Furthermore, the robot design enabled acrobatic maneu-
vers through reducing the moment of inertia and increasing the
body torque generation. With a lift-to-weight ratio of 2.2 and
a maximum ascending speed of 100 cm s, the robot achieved a
double flip within 0.17 s. During this maneuver, the maximum
body roll rate exceeded 7200° s™°, which is 40% faster than fruit
flies (5) and quadruples that of the fastest aerial robot (29). These
flights showcase insect-level performance in a subgram MAV, and
they also open opportunities for future research on sensing and
power-autonomous microsystems.

Acrobatics at the insect-scale:

A durable, precise, and agile micro-aerial-robot

) y

iy

Movie 1. Overview of robot design, static characterization, and flight experi-
ments. A 750-mg flapping-wing robot demonstrates 1000-s hovering flight, pre-
cise tracking of complex trajectories, and acrobatic body flips.
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RESULTS

Design of a long-endurance and agile flapping-wing robot
Compared with aerial insects, previously described subgram MAV's
had limited flight time and agility. We designed a four-winged aerial
robot (Fig. 1A) that demonstrated long flight endurance and acro-
batic maneuvers. The 750-mg robot had four identical modules with
a compact dimension of 4 cm by 4 cm by 0.9 cm (Fig. 1B). Each
module consisted of an airframe, a DEA, a set of transmissions, and
a wing with its long hinge (Fig. 1C).

The module was designed to maintain high structural consisten-
cy under the large stress and strain induced by the flapping-wing
motion. The cylindrical DEA had a diameter and length of 5.8 and
5 mm, respectively. Compared with rigid actuators, DEAs have a low-
er modulus and are susceptible to off-axis deformation (21). The
carbon fiber airframe (Fig. 1C and fig. S1A) consisted of six I-beams
to minimize structure oscillations during DEA actuation. Three sets
of a linear four-bar transmission connected the DEA to the air-
frame. In addition to converting the DEAS linear elongation to the
wing rotational motion (21), the transmissions reduced the DEA
off-axis deformation by constraining it along the longitudinal axis.
The wing had a long hinge along its leading edge (Fig. 1C) to endure
the stress and strain of flapping. Compared with the shorter wing
hinges in prior works (21, 30), this design reduced the hinge stress
by more than 1000 times, leading to a substantial increase in the
hinge lifespan.

This modular design also enabled precise and agile flight ma-
neuvers by reducing robot moment of inertia and increasing flight
torque generation. Compared with rotary designs where the motor
and the propeller were placed along the same axis, flapping-wing
designs offset the wing from the actuator. In our robot, the distances
from the robot center of mass (COM) to each module’s COM and
center of pressure (COP) were 8.7 and 22.5 mm, respectively (Fig.
1C). The robot had small moments of inertia owing to the small dis-
tance between the robot COM and each module’s COM, yet it could
generate large body torques because of the large robot COM-to-COP
distance. Consequently, this design allowed the robot to generate
large angular acceleration under small changes in lift forces, which
enabled aggressive control and fast maneuvers. The main robot de-
sign parameters included the transmission ratio, wing size, and hinge
stiffness. A detailed description of parameter selection is given in
the “Selection of robot design parameters” section in Supplementary
Methods and fig. S2.

Static characterization of robot performance

We conducted a series of statically constrained experiments (Fig. 2,
A to C, and fig. S2, A to C) to evaluate robot performance. Figure 2A
and movie S1 part 1 show a static flapping-wing experiment where
the DEA operated at 1925 V and 330 Hz. Like prior designs (21), the
flapping-wing motion had two degrees of freedom: the wing stroke
and pitch motion. The DEA oscillation directly drove the wing stroke
motion, whereas the wing pitch motion was passive. The instanta-
neous wing stroke and pitch angles are shown in Fig. 2D, and their
peak-to-peak amplitudes were 41° and 118°, respectively. Compared
with that of prior designs, the stroke amplitude became substantial-
ly smaller to reduce flexural strain in the four-bar transmission. This
reduction in the stroke amplitude was compensated by a two-times
increase in the wing area, which generated sufficient lift forces for
enabling flight. To measure the net lift force, we mounted the robot
on a beam that was balanced around a pivot. We operated the robot
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at the same conditions of 1925 V and 330 Hz and filmed its liftoft
process (Fig. 2B and movie S1 part 2). The robot ascended 5.2 cm in
0.6 s while carrying a 360-mg payload inclusive of its weight. Through
tracking the robot liftoft angle and fitting to a dynamical model (28),
we measured the net lift force to be 4.0 mN, equivalent to a lift-to-
weight ratio of 2.2.

To characterize robot performance across different operating con-
ditions, we varied the driving voltage and frequency in static flap-
ping and liftoff experiments. Figure 2E shows flapping experiments
where voltage and frequency were set independently in the ranges
of 1300 to 1925 V and 100 to 500 Hz, respectively. The wing stroke
amplitude reached a maximum near 300 Hz, which implied that the
net lift force also maximized around a similar frequency. Next, we
repeated liftoff tests (Fig. 2B and movie S2 part 2) under different

A

driving conditions. Figure 2F showed the measured lift force as func-
tions of driving voltage and frequency, and it reached a maximum at
the 330-Hz condition. On the basis of this result, we fixed the oper-
ating frequency to 330 Hz for all flight experiments. The red curve
in Fig. 2F represents the voltage-to-lift force mapping applied in
the flight controller. Similar to prior works (28, 30), we modeled the
DEA as a series resistor-capacitor (RC) element and found the equiv-
alent R and Cto be 78 kilohms and 1.48 nF, respectively. The 330-Hz
operating condition was close to the mechanical resonance frequen-
cy determined by the wing-transmission-actuator system given that
the RC time constant indicated that the electrical resonance frequency
was more than 1 kHz. Using a custom circuit, we measured the robot
power consumption during liftoff flight and obtained a lift-to-power
ratio of 9.4 mN W™, The robot efficiency was similar to our prior
works (28, 30) but approximately five times
worse than piezoelectric flyers (10).
Next, we characterized robot torque
generation by mounting it around a fixed
post and measuring its rotational speed
(Fig. 2C). When the robot was driven at
1800 V and 330 Hz, it revolved around
the post four times in 0.205 s (Fig. 2C
and movie S1 part 3). By tracking the in-
stantaneous rotation angle (fig. S2I), we
measured an average angular accelera-
tion 0f 46,200° s 2. The maximum angular
speed reached 9700° s™!, which implied
that the robot could generate a large body
torque and perform aggressive maneuvers.
In addition to quantifying robot force
and torque production, we demonstrated
substantial improvement in robot actua-
tion consistency and lifespan. The prior
wing hinge design (Fig. 3A) mimicked
the relative dimension of an insect wing
hinge (6), which was less than 20% of the
wingspan. Although resilin protein in the

Robot center

insect hinge could endure large cyclic

8.7 mm !

22.5mm

Fig. 1. A long-endurance, precise, and agile insect-scale flapping-wing robot. (A) An image of the robot resting
on a human palm. (B) This 4 cm-by-4 cm-by-0.9 cm robot consisted of four identical modules. (C) Each robot mod-
ule had a soft actuator, an airframe, a set of transmissions, and a wing with a long hinge. (D) A composite image of a

trajectory-tracking flight in which the robot traced the letters MIT. Scale bar, 3 cm.
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»' loading and deformation, the polyimide

flexure in the robot hinge had a far short-
er fatigue limit. We conducted a numeri-
cal simulation where a static load was
applied at the wing’s COP. The static
loading force was set to 5 mN, equiva-
lent to the estimated drag force during
hovering flight (31). The insets in Fig. 3A
show that stress was concentrated near
the hinge’s lower left and upper right cor-
ners, which suggested that cracks might
initiate along these high-stress regions.
To verify this simulation result, we con-
ducted static flapping-wing experiments
with the wing hinge pair in Fig. 3A. We
drove the wing at the robot liftoff condi-
tion until we observed sudden hinge fail-
ure (Fig. 3, B and C, and movie S2 part
1). In this experiment, the flapping-wing
motion became anomalous after ~200 s,
and then a crack quickly developed and
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Fig. 2. Static characterization of robot performance. (A) A composite image of the robot flapping-wing motion when it was operating at 1925V and 330 Hz.
(B) A composite image of robot liftoff when it carried a 180-mg payload. The robot achieved a maximum lift-to-weight ratio of 2.2. (C) A composite image of the robot
rotation experiment. (D) Measured instantaneous wing stroke and pitch motion that correspond to (A). (E) Robot stroke amplitude as functions of operating voltage and
frequency in flapping experiments. (F) Robot lift force as functions of driving voltage and frequency in liftoff experiments. Each dot in (E) and (F) corresponds to a separate
experiment where the driving frequency and voltage were set independently. The scale bars in (A) to (C) represent 5 mm.

propagated through the entire hinge. Figure 3B shows an image of
the torn hinge that failed within four wingbeats (Fig. 3C). This sudden
hinge failure immediately led to a loss of lift force, further destabiliz-
ing flight (movie S2 part 2). This hinge fatigue problem was exacer-
bated as the wing size increased. Under the same wing hinge, we
found that the hinge lifespan decreased by 10 times when the wing
area was scaled up by two times (fig. S1F).

To address this problem, we redesigned the wing hinge to reduce
flexural stress. In this design, the polyimide flexure extended through
the entire wing (Fig. 3D). In comparison, the distance from the wing
COP to the hinge center was reduced from 5.5 (Fig. 3A) to 0.7 mm
(Fig. 3D). A numerical simulation showed that the maximum hinge
stress decreased by more than 1000 times. After this simulation re-
sult, we conducted static flapping and flight experiments to measure
the hinge lifespan. After enduring more than 1000 s of static flap-
ping and 1500 s of flight experiments, the wing and hinge did not
exhibit any degradation or failure. This was an important result be-
cause the robot no longer suffered sudden wing loss during flight.

Our robot design also mitigated performance degradation due to
off-axis actuator bending. The DEAs are muscle-like soft actuators
that elongate along the axial direction. However, a large axial load
due to aerodynamic forces may lead to dynamic buckling (21) along
the off-axis direction. In the original design, the linear four-bar trans-
mission was compliant in the off-axis direction (Fig. 3E). When the
robot operated near peak performance conditions, the DEA deformed

Kim et al., Sci. Robot. 10, eadp4256 (2025) 15 January 2025

laterally (Fig. 3E and movie S3), which reduced the wing stroke am-
plitude and the associated lift force. This oft-axis DEA bending may
also lead to electrical shorting and degrade DEA performance.

To mitigate this problem, we added two guide transmissions that
constrained DEA off-axis bending (Fig. 3F). Figure 3F and movie S3
show that the robot was operated at the same conditions of 1850 V
and 330 Hz. Compared with the old design (red curve in Fig. 3G),
this design showed a 78% decrease in off-axis displacement and an
87% increase in axial elongation. This translated to a greater than
80% increase in wing stroke amplitude, suggesting a large increase
in lift force production. This addition of guide transmissions in-
creased the robot lift force at peak operating conditions, reduced
transmission deformation, and improved robot endurance. In addi-
tion, the robot actuator, transmission, and hinges consisted of com-
pliant materials that exhibit collision resilience. While the robot was
operating at 1800 V and 330 Hz, we hit the robot wing with a stick
(Fig. 3H and movie S1 part 4), which reduced the wing stroke mo-
tion. After the stick was removed, the robot flapping-wing motion
recovered to the nominal amplitude within four wingbeats (Fig. 3, H
and I), indicating that the robot was robust against collisions.

With this robot design, we performed constrained liftoff ex-
periments (Fig. 2B) to quantify DEA degradation. The robot was
mounted on the liftoff stand and was driven at 330 Hz and a
minimum liftoff voltage for 10 s. If the robot could lift off, then
we repeated the experiment at the same operating conditions. If
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Fig. 3. Experimental characterization of wing hinge and transmission performance. (A) An illustration of the prior wing and hinge design. The inset shows a finite
element COMSOL simulation of hinge stress when the robot was operating at the hovering condition. High stress concentrated near the hinge root and tip. (B) An image
of the torn hinge. Scale bar, 0.5 mm. (C) An image sequence that showed sudden wing hinge failure. Scale bar, 5 mm. (D) Anillustration of the wing and hinge design in
this work. The inset shows a COMSOL simulation of hinge stress under the same operating condition as in (A). The stress concentration plots in (A) and (D) share the
color scale, which showed the maximum stress in (D) reduced by more than 1000 times. (E) A prior design of the linear four-bar transmission. The overlaid image shows
large actuation hysteresis. Scale bar, 1 mm. (F) A transmission design that constrained off-axis motion. The overlaid image shows that DEA actuation is mostly axial. Scale
bar, 1 mm. (G) Comparison of DEA deformation under different transmission designs in (E) and (F). (H) The robot wing was hit by a stick while it was operating at 330 Hz
with 30° stroke amplitude. The flapping-wing motion recovered to nominal amplitude after the stick was removed. Scale bar, 5 mm. (I) The measured wing stroke motion
before, during, and after collisions. (J) Commanded voltage amplitude and measured current during a 1000-s static liftoff experiment.

the robot could not lift off, then we increased the driving voltage
by 10 V. We repeated the experiments until the robot completed
1000 s of cumulative liftoff flight. Figure 3] shows the com-
manded voltage (blue) and the measured current (red). Over the

Kim et al., Sci. Robot. 10, eadp4256 (2025) 15 January 2025

1000-s operation, the minimum liftoff voltage increased by 4.8%
and the current decreased by 4%. These data showed the robot’s
potential to operate for an extended duration far exceeding tens
of seconds.
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Long-endurance hovering flight
We conducted a sequence of hovering flights to evaluate robot en-
durance. In our flight experiments, the robot was tethered to off-
board power sources (Trek 2220) and relied on an external motion
capture system (Vicon Vantage V5). We designed a feedback flight
controller that received tracking data at 400 Hz and commanded the
robot at 2 kHz. Compared with prior work (21), this controller in-
troduced three features for reducing positional error during dynam-
ic maneuvers. The controller implementation details are described
in the “Flight controller design” section of Supplementary Methods.
To assess robot consistency and lifespan, we gradually increased
the flight time from 10 to 60, 100, 400, and 1000 s. The shorter flights
are described in the “Robot flight repeatability” section of Supple-
mentary Methods and in fig. S3. Figure 4A shows a composite image
sequence of the 1000-s flight (movie S4) where the robot hovered 7 cm
above the ground. The RMS errors of the lateral position (Fig.
4B) and altitude (Fig. 4C) were 2.35 and 0.14 cm, respectively. Com-
pared with most prior results (21, 28, 30), the flight time increased
by 100 times while the robot maintained a similar flight accuracy.
During this flight, the robot slowly drifted along the positive x and
negative y directions (Fig. 4B), which was contributed by gradual
DEA heating and degradation. Figure 4D shows the driving voltage
amplitude of the four actuators. Over this 1000-s flight, the com-
manded voltage of the first DEA (dark green curve in Fig. 4D) in-
creased from 1720 to 1850 V, representing a 7.56% deviation from
the calibrated controller values. This performance degradation was
likely contributed by self-clearing during flight, and the DEA did not
recover to a nominal performance after cooling down to room
temperature. The lateral position error could be further reduced
under an adaptive flight controller that accounted for the chang-
ing performance.

Overall, this 1000-s flight represented orders-of-magnitude im-
provement in hovering time among subgram MAV's. Before requiring
actuator replacements, the robot performed consecutive long flights
where the total hovering time exceeded 1550 s. Unlike prior designs
(movie S2 part 2), this robot never experienced sudden hinge or ac-
tuator failure that could destabilize the flight. This high consistency
and long lifespan enabled follow-up experiments on complex trajec-
tory tracking and aggressive acrobatics.

Fast and precise trajectory tracking flights

In addition to achieving long endurance flights, we performed a se-
quence of trajectory tracking demonstrations that highlighted robot
precision and speed. First, our robot tracked a 20 cm-by-10 cm “0”
(infinity sign) similar to that of a recent work (16). While perform-
ing this flight (Fig. 5A and movie S5), the robot closely followed the
desired x and z trajectories (Fig. 5, B and C) with lateral and alti-
tude errors of 0.97 and 0.29 cm, respectively. The average flight speed
reached 31.4 cm s~ (Fig. 5D) while the robot tracked the infinity
sign. Compared with a recent work (16), our robot tracked the same
trajectory with a speed that was 3.1 times faster, yet the position and
altitude errors were reduced by 61.8 and 42%, respectively. This bench-
mark flight showed the highest flight precision and speed among sub-
gram aerial robots. To demonstrate robot consistency, we repeated
the same flight five times (fig. S4).

Next, our robot tracked two nested circles that were 10 cm above
the xy plane (Fig. 5E and movie S6). The outer circle had a dimen-
sion of 12 cm by 12 c¢m, and the robot followed it with a speed of
36 cm s~! and a positional error of 0.91 cm for the entire flight. Com-
pared with a prior work that tracked a similar trajectory (32), our
robot demonstrated a five times reduction in the RMS position error
(Fig. 5, F and G) at an eight times higher flight speed (Fig. 5H). This
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Fig. 4. A 1000-s, long-endurance hovering flight. (A) A composite image sequence showing the 1000-s hovering flight. Scale bar, 1 mm. (B and C) Tracked robot lateral
position (B) and altitude (C) during the flight. (D) Commanded voltage amplitudes sent to the four independent actuators.
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flight was repeated five times (fig. S5) to highlight robot and con-
troller consistency.

In addition to tracking simple trajectories (Fig. 5, A to H), our
robot can follow complex paths that are difficult for other subgram
robots. We designed a 20 cm-by-20 cm-by-10 cm 3D trajectory
where an infinity sign gradually rotated along the z axis (Fig. 5 and
movie S7). The robot tracked the rotating pattern 15 times during a
34-s flight. Figure 5 (J and K) shows that the measured x, y, and z
positions closely follow the desired path. The robot maintained a
mean speed of 30 cm s~* (Fig. 5K) while it tracked this 9.7-m-long
trajectory, the longest flight path flown by a subgram MAV. The RMS
lateral position and altitude errors of this flight were 1.05 and 0.34 cm,
respectively. This flight was repeated five times (fig. S6).

—_
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Our robot achieved smaller position and altitude errors when it
flew at a slower speed. To demonstrate high flight precision, we com-
manded the robot to trace the letters “MIT” (Fig. 1E and movie S8)
at a slower speed of 7.48 cm s~ . This trajectory had a dimension of
46 cm by 12 cm, and it was challenging because of frequent stopping
and changing of flight directions. Figure S7 shows the six flights our
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four trajectory-following flights are compared in Fig. 5 (L and M),
which show that the flight precision improves when the flight speed
decreases. The 3D infinity- and letter-following flights represented
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Fig. 5. Trajectory-following demonstrations. (A) A composite image of the robot following an infinity sign. (B to D) Robot x (B) and z (C) positions and flight speed (D)
that correspond to the flight in (A). (E) A composite image of the robot tracking a planar circle. (F to H) Robot x (F) and y (G) positions and flight speed (H) that correspond
to the flight in (E). (I) The tracked trajectory when the robot followed a rotating infinity pattern. (J and K) Robot x, y, and z positions and the flight speed that correspond
to the flight in (1). The trajectory-following flights in (A), (E), and (I) were repeated five times. The darker colored curves in (B) to (D), (F) to (H), and (J) and (K) correspond to
the flights in (A), (E), and (1), respectively. The lighter colored curves represent the repeating flights. (L and M) RMS lateral (L) and altitude (M) errors of the four trajectories.
Colored boxes show 25, 50, and 75 percentiles, and the black bars show minimum and maximum errors. The scale bars in (A) and (E) represent 1 cm.
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some of the longest and most complex paths flown by subgram
MAV:s. These demonstrations were enabled by the robot’s high con-
sistency and its ability to generate large body torques. The trajectory
design is described in the “Flight trajectory design” section of Sup-
plementary Methods.

Demonstrations of acrobatic flight maneuvers

In addition to performing fast and precise flights, our robot demon-
strated insect-like acrobatic maneuvers (movies S9 and S10). Figure 6
(A to C) shows a composite image sequence of a somersault demon-
stration. The robot took off and hovered around a set point for 1 s
(Fig. 6A). Next, it accelerated upward until the ascending speed ex-
ceeded 80 cm s™". Then, it performed the somersault within 0.11 s
(Fig. 6B) and recovered attitude stability (Fig. 6C). Last, the robot
returned to the hovering set point and landed (Fig. 6C). Figure 6 (D
to F) shows the tracked robot position, altitude, attitude, flight ve-
locity, and angular velocity. This flight was repeated five times (fig.
S9) to demonstrate robot consistency. The controller design is de-
scribed in the “Controller design for executing body flips” section of
Supplementary Methods and in fig. S8.

This flight showed a complete body flip performed by a subgram
MAV. In a prior work (28), another subgram MAV demonstrated a
body flip, but it could not recover altitude before hitting the ground.
In comparison, our robot could recover attitude stability without
dropping height (Fig. 6E). The robot completed the somersault with-
in 0.11 s. During this maneuver, the maximum robot angular veloc-
ity exceeded 4800° s~

Our robot could further perform double body flips, a challeng-
ing maneuver that has never been achieved by flapping-wing robots
across scales. Figure 6 (G to I) shows a composite image sequence of
this flight. Similar to the single body flip, the robot took off, hovered,
ascended, flipped twice, recovered stability, and finally landed. The
measured robot position, velocity, attitude, and angular velocity are
shown in Fig. 6 (J to L). In this flight, the robot completed two body
flips within 0.17 s. When the robot accelerated upward, its maximum
ascending speed exceeded 100 cm s™'. During the flipping process,
the robot'’s maximum angular velocity reached 7200° s~ (Fig. 6L).
After the robot recovered its attitude stability, it only lost 6.22 cm
of height (Fig. 6K) compared with the start of the flip. These flight
performances exceeded those of existing subgram MAV's and were
comparable to those of aerial insects (5). This acrobatic flight was
repeated five times (fig. S10) to demonstrate robot consistency un-
der aggressive operating conditions.

DISCUSSION

In this work, we developed a soft-actuated MAV that exhibits long
endurance, high flight precision, and insect-like agility. These flight
capabilities were enabled by mechanism, configuration, and control-
ler designs that address prior challenges. Stress-relieving transmis-
sions and hinges substantially improved the hardware consistency;
the four-wing configuration enhanced lift force generation by avoid-
ing adverse wing-wing interactions that relate to the inward facing
wing pairs in prior eight-wing designs (21). These hardware designs
resulted in substantial improvements in flight endurance and maxi-
mum ascending speed. In the past, subgram MAV's were limited to
flying for less than 20 s at low speeds (blue dots in Fig. 7A). Our
robot showed a 1000-s hovering flight, almost two orders of mag-
nitude longer than most subgram MAVs, and its ascending speed
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exceeded 100 cm s™*, which is twice that of similar-sized rigid-driven
MAVs. In addition to hardware advances, we designed a controller
for improving flight precision, which could be quantified by mea-
suring the position error of hovering or trajectory-following flights.
The position error usually increases in faster and longer flights be-
cause of unaccounted aerodynamic effects and hardware drifting. In
the past, subgram MAV's were limited to slowly (<15 cm s™*) follow-
ing short (<20 s) trajectories, and their position error ranged from
1.2 to 4.5 cm (blue dots in Fig. 7B). Our robot demonstrated much
faster (>30 cm s™') trajectory-tracking flights with smaller position
errors (red dots in Fig. 7B). The error in most flights was smaller
than 1.4 cm (Fig. 7B), and it grew to 2.3 cm in the 1000-s hover be-
cause of slow DEA degradation. Our flight trajectories were also
more challenging because they had frequent turns and longer path-
lengths (Fig. 5). Overall, our robot and controller design achieved
substantial improvements in flight endurance, speed, and precision
(Fig. 7, A and B).

Furthermore, high hardware consistency and precise flight con-
trol enabled insect-like agility. Our robot demonstrated double body
flips, a challenging acrobatic maneuver for flapping-wing robots
across scales. This performance was competitive against rotary MAV's
and natural flyers (Fig. 7C). Inertial scaling predicts that the ro-
bot’s rotational speed is inversely proportional to the wing or rotor
size, suggesting that smaller robots can perform somersaults at a fast-
er rate. This trend is supported by Fig. 7C, which shows that our ro-
bot achieves the fastest rotation compared with other drones (blue)
in the plot. In addition, our robot is also faster than the blue bottle
fly, a fast flipping aerial insect (5).

These flight demonstrations have implications for the microro-
botics and the soft robotics communities. Achieving insect-like en-
durance, precision, and agility opens opportunities for emulating
complex insect functions. It will inspire the subgram MAV commu-
nity to move from hovering or simple trajectory-following demon-
strations to accomplishing complex and extended tasks such as
pollination and coordinated swarm flights. From the perspective of
the soft robotics community, this work demonstrates controllability
and agility comparable to that of rigid-driven systems. In the past,
robustness and safety were salient features of soft actuators and mech-
anisms (33), but soft robotic systems fell behind in bandwidth and
agility. Compared with existing soft robots, this tiny robot achieves
some of the fastest speeds and turning rates without requiring nor-
malization by its body length. It demonstrates that soft-driven ro-
bots can simultaneously embody robustness and agility. During the
body flip maneuver, the DEAs respond to aggressive driving signals
within milliseconds while they endure high stress and strain. These
muscle-like properties outperform rigid actuators such as piezoelec-
tric ceramics and microscale motors. This work will inspire future
development of high-power soft actuators (34) and their applica-
tions in agile animal-like systems.

The substantial improvements in endurance, precision, and agil-
ity (Fig. 7, A to C) were enabled by robot designs that carefully
considered the similarities and differences between biological and
engineered systems. Our goal is to achieve insect-like flight perfor-
mance in insect-scale robots, and it requires both biomimicking
designs and engineered solutions. At this scale, rotary propulsion
becomes infeasible because of a lack of efficient microscale motors.
We chose the flapping-wing design and developed robust and muscle-
like DEAs. These soft actuators have high resonance frequencies
of 300 to 500 Hz, which implies that the robot can generate large
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Fig. 6. Acrobatic flight demonstrations. (A to C) The robot performed a single body flip including ascent (A), body flip (B), recovery (C), and landing. (D) Tracked robot
lateral position and roll angle. (E) Tracked robot altitude and ascending speed. (F) Robot pitch angle and angular speed. (D) to (F) correspond to the flights in (A) to (C).
(G to I) The robot performed double body flips including ascent (G), consecutive body flips (H), recovery, and landing (). (J to L) Tracked robot lateral position and roll
angle (J), altitude and ascending speed (K), and pitch angle and angular velocity (L). (J) to (L) correspond to the flights in (G) to (1). The single and double flips were
repeated five times. In (D) to (F) and (J) to (L), the darker colored curves represent the flight data in (A) to (C) and (G) to (I). The lighter colored curves are the repeating
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performed the flips. In (B) and (H), the green and yellow arrows indicate the start and instantaneous robot orientations, respectively.
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instantaneous changes in forces and torques. In addition, flapping-
wing MAV:s are tolerant to collisions because of the reciprocal wing
motion and the robot’s low inertia. The use of artificial muscles and
flapping-wing propulsion represents suitable biomimicking designs
for achieving biomimetic functions.

However, under material and actuation constraints, it is also criti-
cal to adopt engineered designs that deviate from those in biological
systems. For instance, insect hinges consist of resilin protein that ex-
hibits a high fatigue limit under large cyclic loading and strain. In
contrast, polyimide has a four times lower elongation ratio and 1000
times lower fatigue limit. Under a similar geometry, the robot hinge
and transmission would experience failure (Fig. 3B) within 200 s.
Our design reduced the hinge flexural stress by 1000 times by elon-
gating the hinge width. It also reduced the transmission strain by
decreasing the flapping-wing amplitude and maintained similar lift

force by proportionally increasing the wing area. This wing hinge
and transmission design principle can also benefit other subgram
MAV platforms. Piezoelectric-driven MAVs (10, 16, 19) have a lim-
ited lifetime because of actuator cracking, which is caused by reso-
nance mismatch when the flexures gradually soften. An elongated
wing hinge and the proposed guide transmission designs can miti-
gate flexural degradation and contribute to longer endurance. An-
other design choice that deviates from biology is the use of four
independently controlled wings. Insects have delicate muscle groups
that exert fine control of the flapping-wing motion, but it is difficult
to develop differently sized actuators and delicate transmissions for
achieving three-degrees-of-freedom control of wing kinematics. We
used four sets of actuators and wings to generate roll and pitch
torques, which allowed the robot to achieve insect-like agile maneu-
vers and precision. This work demonstrates challenging bioinspired
locomotive capabilities by combining bio-
mimicking and engineered designs.
Despite showing a large improvement
in flight endurance, our robot lifetime
remains two to three orders of magni-
tude shorter than that of mesoscale aeri-
al robots, limiting potential applications.
The robot has three failure modes: trans-
mission softening, wing hinge tearing, and
DEA degradation. In our prior works,
wing hinge and transmission failure were
the major limiting factor (80,000 flapping-
wing cycles) given that the DEAs only
experienced a 2% performance reduc-
tion after 2 million cycles of operation
(30). In this work, we redesigned the
transmission and wing hinge to reduce
the flexural stress, which substantially
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20 30 40 improved the hinge and transmission
endurance. We have not observed hinge
or transmission failure in this work. How-
ever, the reduction in the transmission
ratio led to higher actuation strain and
required higher driving voltage. Com-
pared with our prior work (30), the ro-
bot hovering voltage increased from 1500
to 1720 V. This high operating voltage
caused 7.56% DEA degradation during
the 330,000 cycles of operation, imply-
ing that the robot lifetime was limited by
the actuator. There are two directions for
further improving the robot lifetime. In
the short term, the robot design could
be adjusted to balance transmission and
DEA degradation. Compared with the pre-
sent work, the transmission ratio could
be moderately increased to reduce actu-
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Fig. 7. Comparison of MAV flight performance. (A) Flight time and maximum ascending speed of existing subgram
MAVs. (B) MAV mean flight speed and RMS position error during trajectory-following flight. (C) Maximum angular
rotational rate as a function of vehicle length scale. The blue and orange dots represent MAV and insect performances,

respectively (40-60).
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ation strain and improve system endur-
ance. We estimate that a system-level
redesign could lead to a two to five times
improvement in flight time. In the longer
term, lifetime improvement will be driv-
en by new materials and processes. From
the perspective of flexural materials,
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future works may incorporate nitinol (35) and polymer (36) hinges
in the SCM system because these materials have shown a high
fatigue limit. From the perspective of DEA fabrication, other elec-
trode materials such as graphene and silver nanowire may be ex-
plored because they have higher conductivity and produce less heat.

This robot platform has the potential to enable follow-up studies
on control, sensing, and power autonomy (37). Although this work
did not demonstrate heading angle control, it could be achieved by
tilting each robot module during assembly (16, 38). Owing to its
consistency and long lifespan, this robot can be used to evaluate
other planning frameworks, such as model predicative control or
reinforcement learning. These planning methods can enable aggres-
sive maneuvers such as banked turns and perching. More broadly,
this robot is a fitting platform for exploring sensing and power au-
tonomy, some of the most challenging directions for insect-scale
MAVs. This robot has more than 500 mg of payload capacity, which
is sufficient for carrying a sensor suite including gyroscopes, accel-
erometers, and small cameras. There still exists a moderate gap for
this robot to achieve power autonomy. The DEA consumes 2.9 W of
reactive power (1/2CV2f) during hovering flight, where C is the total
DEA capacitance, V is the applied voltage, and f is the flapping-wing
frequency. At this scale, it is difficult for subgram circuits and batter-
ies to deliver the required power and voltage. Toward enabling power
autonomous flight, future studies should focus on improving robot
aerodynamic efficiency and payload capacity.

MATERIALS AND METHODS

Fabrication of robot components

The robot airframe, transmissions, connecting bars, and wings were
made through the SCM process. The airframe was made of 160 pm
of carbon fiber, which consisted of orthogonally stacked M55] lami-
nates. The airframe had 12 parts that were hand assembled into one
structure (fig. S1A). This design had six I-beams for reinforcing
structural strength and reducing oscillation during actuation.

The robot wing and wing hinge were combined into a single
structure (Fig. 1C). There were seven material layers in the laminate
fabrication process (fig. S1B). The top five layers consisted of carbon
fiber (70 pm), adhesive (12 pm), polyimide (25 pm), adhesive (12 pm),
and carbon fiber (70 pm), which functioned as the compliant flex-
ure. The bottom two layers consisted of adhesive (12 pm) and poly-
ester (1.5 pm), which acted as the wing. By combining the wing and
wing hinge into one structure, this design removed the prior mating
feature (21) and improved the component alignment and consis-
tency. Compared with prior designs (Fig. 3A), the wing shape was
adjusted to accommodate the long hinge along the wing leading
edge, and the wing area was increased by two times. The wingspan
(R), aspect ratio (AR), and first (7;) and second radius moments (7,)
were 1.4 cm, 3, 0.49, and 0.55, respectively. On the basis of a blade
element quasisteady model (39), the distance between the wing root
and the wing spanwise COP was given as follows

A2

1’2
R.p =R =8.68 mm
8

(1)

The robot transmission consisted of three sets of linear four-bar
mechanisms. The central transmission (fig. S1C) had a width and
length of 0.8 and 1.8 mm, respectively. Compared with prior works
(30), the transmission stiffness increased by 50% and the transmission
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ratio decreased by 52%. These changes in transmission design aimed
to increase the system resonance frequency and reduce the wing
stroke amplitude. To mitigate oft-axis bending, two guide transmis-
sions were placed orthogonal to the main transmission (fig. S1C).
The transmission stiftness of the guide transmissions was approxi-
mately 10% that of the main transmission, which implies that they
have a small influence on system resonance and operating conditions.

The DEA was made using an existing fabrication method (30).
We redesigned the DEA geometry to accommodate the transmis-
sion and wing design. Compared with the prior designs (21, 30), the
DEA length was reduced from 9 to 5 mm, and the number of elec-
trode layers increased from 6 to 10. The electrode layer consisted of
a single-wall carbon nanotube (Invisicon 3500, Nano-C Inc.) that
was less than 30 nm thick. The elastomeric layer thickness was 36 pm,
which was identical to that in a prior work (30). In this work,
the DEA weighed 110 mg, and it is shown in fig. S1D. Compared
with prior designs, this DEA showed an approximately two times
increase in resonance frequency and blocked force, but it had a two
times reduction in displacement. This design was advantageous be-
cause its short geometry mitigated nonlinear buckling (21). The robot
was driven by four independent DEASs, each requiring a high-voltage
line and a ground line. We designed two connector plates (fig. S1E)
for the DEAs that shared the same ground line. This central connector
plate design reduced the number of wires and mitigated wire-induced
torques during flight. The “Selection of robot design parameters” sec-
tion of Supplementary Methods describes the selection process of the
robot design parameters, which is documented in table S1.

Experimental setup for static characterization and

flight experiments

We conducted static and free flight experiments to characterize ro-
bot performance. In this work, we set up static flapping, constrained
liftoft, constrained rotation, and free flight experiments. Figure S2A
shows an image of the static flapping setup. The robot was affixed
in front of a high-speed camera (Phantom VEO 710), and it was
illuminated by a halogen light (Amscope HL150-A). A custom
control computer (Speedgoat) sent the command signal into a high-
voltage amplifier (Trek 677B), which drove the DEA in the range of
200 to 500 Hz and 1200 to 2000 V. The flapping-wing motion was
recorded at 22,000 frames per second (fps). The recorded high-
speed videos were processed manually to extract instantaneous
flapping-wing kinematics (Fig. 2D). To extract the stroke ampli-
tudes for multiple experiments (Fig. 2E), we modified an automated
tracking method on the basis of a prior work (21).

After conducting the static flapping experiments, we drove the
robot again under the same operating conditions while mounting it
on a liftoff stand (fig. S2B). The liftoff stand consisted of a beam that
was balanced around a pivot. If the robot generated higher force
than its weight, it ascended upward. To precisely measure the aver-
age lift force, we placed different payloads on either side of the bal-
ance beam under different operating conditions. The liftoff process
was recorded by the high-speed camera at 3000 fps, and then the
liftoff angle was extracted through an automated algorithm (28).
The net lift force was calculated on the basis of the tracked beam
angle. The set of liftoff tests determined the optimal operating fre-
quency and the voltage to force mapping in free flight experiments.

In preparation for body flip demonstrations, we conducted con-
strained rotation experiments (Fig. 2C). Figure S2C shows an image
of the setup where one robot module was mounted around a beam.
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To accurately estimate robot rotational speed in free flight experi-
ments, the distance from the robot module to the rotation center
was set to half of the robot connector length (Fig. 1B). The rotation
center was approximately at the same location as the robot COM
during free flight. We operated the robot at 1800 V and 330 Hz
(movie S1 part 3 and Fig. 3C), and we recorded the high-speed video
at 3000 fps. We manually tracked the beam angle (fig. S2I) and
found the maximum rotational speed and average acceleration to be
9700°s™" and 46,200° s 2, respectively. This experiment demonstrated
that our robot can generate a large body torque and achieve a large
rotational speed.

We conducted a sequence of hovering (Fig. 4 and fig. S3),
trajectory-tracking (Fig. 5 and figs. S4 to S7), and body flip (Fig. 6
and fig. S8 to S10) experiments to demonstrate robot flight capabili-
ties. The experiments were performed in an existing flight arena (30)
(fig. S3A). The flight arena was equipped with a motion capture sys-
tem, custom Simulink-Realtime control hardware, and high-voltage
amplifiers. In addition to using the same high-speed camera in pre-
vious parts, we also used a color camera (Sony FX3) for recording
flight (fig. S3A). To ensure continuous tracking during the fast body
flips, seven 1.5-mm reflective markers were mounted on both sides
of the robot to improve tracking robustness. Five markers were placed
on the robot’s upward facing side, and two markers were placed on
the bottom side. These seven markers had a net weight of 40 mg,
which was 10% of the estimated net payload. The motion capture
system returned tracked position and orientation data. To calculate
velocity and rotational speed, we processed the data with a low-pass
filter before taking numerical derivatives. The controller ran at 2 kHz
and commanded the amplifiers at 10 kHz. The robot had four inde-
pendently controlled DEAs, and it was tethered to the amplifiers
through 49-gauge quadruple-insulated wires.

Statistical analysis

The boxplots in Fig. 5 (L and M) illustrate the position error distri-
bution of four trajectory patterns (N = 5 for the 2D infinity, planar
circle, and 3D infinity patterns, and N = 6 for the MIT pattern). The
boxes show 25, 50, and 75 percentiles, and the black bars show min-
imum and maximum position errors. The data values are presented
in table S2.

Supplementary Materials
The PDF file includes:

Methods

Figs.S1to S10

Tables S1.and S2

Legends for movies S1to S10
References (61, 62)

Other Supplementary Material for this manuscript includes the following:
Movies S1to S10
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