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Abstract— Aerial insects demonstrate fast and precise head-
ing control when they perform body saccades and rapid escape
maneuvers. While insect-scale micro-aerial-vehicles (IMAVs)
have demonstrated early results on heading control, their flight
endurance and heading angle tracking accuracy remain far
inferior to that of natural fliers. In this work, we present a
long endurance sub-gram aerial robot that can demonstrate
effective heading control during hovering flight. Through using
a tilted wing stroke-plane design, our robot demonstrates a
10-second flight where it tracks a desired yaw trajectory with
maximum and root-mean-square (RMS) error of 14.2◦ and 5.8◦.
The new robot design requires 7% higher lift forces for enabling
heading angle control, which creates higher stress on wing
hinges and adversely influences robot endurance. To address
this challenge, we developed novel 3-layered wing hinges that
exhibit 1.82 times improvement of lifetime. With the new wing
hinges, our robot demonstrates a 40-second hovering flight
– the longest among existing sub-gram IMAVs. These results
represent substantial improvement of flight capabilities in soft-
actuated IMAVs, showing the potential of operating these insect-
like fliers in cluttered natural environments.

I. INTRODUCTION

Agile aerial insects can demonstrate exquisite flight ma-
neuvers such as body saccades [1] and rapid recovery from
disturbances [2]. Achieving these capabilities require visual
feedback [3] and accurate control of the insect’s heading
angle during flight. Most two-winged insects (e.g., honey
bees and flies) control heading angles through commanding
asymmetric wing pitch motions using a specific set of
flight muscles [2]. Inspired by these natural fliers, recently
developed mesoscale (15 – 30 g) flapping-wing robots [4],
[5] demonstrate heading control using a similar strategy.

Sub-gram micro-aerial-vehicles (MAVs) face unique fabri-
cation and actuation challenges. Although these MAVs have
demonstrated hovering and trajectory following capability
[6], [7], it remains challenging to control the heading angle
since the wing pitch motion of these robots cannot be actively
regulated. This property of underactuation substantially lim-
its insect-scale MAVs from performing insect-like tasks such
as gaze stabilization and tracking of a desired target.
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Fig. 1. An image of a 680 mg micro-aerial-robot driven by dielectric
elastomer actuators. The robot has 4 modules that are assembled into an
inclined airframe. Each module has an airframe, a dielectric elastomer
actuator (DEA), two linear four-bar transmissions, wing hinges, and wings.
The robot requires external power supply through its tethers.

To address this challenge, recent studies [8]–[11] devel-
oped a new control strategy for generating flight torques and
controlling the heading angle. The researchers proposed a
split-cycle [9], [11] design in which the wing upstroke and
downstroke motions become asymmetric. This asymmetric
wing stroke motion induces differential drag forces, which
lead to asymmetric wing pitch motion and a net control
torque. Under this design, Chukewad et al. demonstrated
tracking of heading angle in short hovering flights (∼2
seconds) [9]. McGill et al. implemented a similar design
and demonstrated longer flights (∼6 seconds) with improved
accuracy [11]. While this split-cycle design enables heading
angle control during hovering flights, it suffers two major
shortcomings. First, it requires higher harmonic control sig-
nals to generate asymmetric wing stroke motions, which
cause a reduction of cycle-averaged lift [11]. Second, the
control torque is small (∼0.05 mN·mm) compared to the
robot’s moment of inertia (∼0.45 g·mm2). Consequently, in
these flight demonstrations, the robot is tied to a safety tether
and it flies in close proximity of the resting point to minimize
external torque disturbances.

In recent years, our team has developed SoftFly, a soft-
actuated sub-gram MAV [12]–[15] that is driven by Di-
electric Elastomer Actuators (DEAs). Owing to actuator
robustness, our robot has demonstrated unique maneuvers
such as in-flight collision recovery and somersault [13].
However, our robot has not demonstrated heading angle
control due to challenges in nonlinear DEA actuation [12].
The existing actuation strategy leverages system resonance
to attenuate higher harmonic modes. Consequently, our robot
cannot achieve asymmetric wing stroke motions using a split-
cycle approach [11]. This limitation requires a new design
for enabling heading angle control.



In this work, we developed a new robot configuration
for enabling heading angle control and designed new wing
hinges for substantially improving flight endurance. Our
robot weighs 680 mg, and it consists of 4 modules that
are installed in an inclined airframe (Figure 1). The tilted
stroke-plane design for sub-gram aerial robot is first proposed
by Yang et al [16], but the robot could not demonstrate
in-flight heading angle control due to a limited lift force.
Our robot has a high lift-to-weight ratio (>3:1) [14] and it
can generate additional lift forces as required by the new
design. With a new flight controller, our robot demonstrated
three 12-second hovering flights where it maintained a con-
stant heading direction. The maximum and RMS heading
angle errors are 8.9◦ and 5.6◦, respectively. In addition,
the robot can track a desired heading angle trajectory with
a maximum and RMS error of 14.2◦ and 5.8◦. In these
flight demonstrations, each robot module needs to produce
approximately 7% additional lift forces compared to previous
robot designs [13], [14]. This requirement worsens wing
hinge fatigue and reduces lifetime. Here, we developed a
3-layered wing hinge that showed a 1.82 times increase of
endurance. Our robot demonstrated a 40-second hovering
flight, which is over 2 times longer than that of existing sub-
gram MAVs [14]. Our flight results demonstrate that soft-
actuated IMAVs can achieve accurate heading angle control
without sacrificing flight endurance. More importantly, the
flight endurance exceed that of rigid-driven sub-gram MAVs
[9]–[11], showing the unique promise of agile, robust, and
controllable soft aerial robots.

II. ROBOT DESIGN AND CHARACTERIZATION

A. Tilted stroke-plane design for controlling heading angle

We designed a new robot configuration (Figure 2) for
enabling heading angle control. The robot consists of 4
identical modules weighing 155 mg. Similar to that of our
prior works [13], [14], each robot module has 2 wings and
operates at 400 Hz. It generates a time-averaged lift force
and no net drag force. A key difference between flapping-
wing and rotary propulsion is that the flapping-wing module
cannot produce a net torque with respect to the lift axis. If
the four robot modules are assembled into a quadrotor-like
configuration [13], [14], the robot cannot generate control
torques along the body z-axis.

We propose a tilted stroke-plane design where each mod-
ule is tilted by 20◦ (θt) with respect to the robot’s body z-axis
(Figure 2a). Figure 2a illustrates the robot coordinates and
the roll (x-axis), pitch (y-axis), and yaw (z-axis) definitions.
The lift force components that are parallel to the body z-axis
control the robot pitch and roll motions through a similar
design in a prior work [12]. The lift force components that
are orthogonal to the body z-axis control the robot’s rotation
relative to the body z-axis, which is defined as the yaw angle
θ. In Figure 2a, we illustrate the lift vectors of opposing pairs
using different colors. When the red-colored pair generates
a larger net lift compared to the blue-colored pair, the robot
produces to a positive yaw torque without generating net
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Fig. 2. Tilted stroke plane design and controller architecture. (a-c)
Perspective (a), top (b), and side (c) view illustrations of the robot assembly.
By increasing the lift forces of opposing module pairs (red), the robot
can generate a control torque with respect to its body z-axis. This design
allows the robot to control its heading angle during hovering flight. (d) An
illustration of the controller design. We design a yaw controller (blue) in
parallel with existing altitude and lateral controllers.

lateral forces. Figure 2b-c show the top and side views of
this tilted stroke plane design.

Next, we construct a new flight controller for this robot.
This controller design is based on our prior work [12] that
developed a geometric controller for robot positions and roll
and pitch rotations. Given a desired trajectory, the previous
controller calculates the corresponding lift force (F ) and
torques (τx, τy). For this new robot, we can further generate
yaw torque τz . The robot attitude dynamics is described by
the Euler’s equation:

Iω̇ + ω × Iω = τ , (1)
where I is the moment of inertia tensor, ω is the angular
velocity vector, and τ is the net torque. We assume the cross
term ω × Iω is negligible. In addition, the roll and pitch
angles are close to 0° during hovering flight, which leads to
simplified rotational dynamics relative to the robot’s body
z-axis:

Izz θ̈ = τz − ksθ. (2)

Here, the term ksθ represents the torque contributed by the
power tethers that act as a torsional spring. We implement
a proportional-derivative (PD) controller for the robot’s yaw
rotation, which takes the form of:

τz = ksθ + Izz θ̈d + kp(θd − θ) + kd(θ̇d − θ̇). (3)
Here kp and kd are the proportional and derivative gains, θd,
θ̇d, and θ̈d are the desired yaw motion, and θ, θ̇, and θ̈ are
the measured yaw motion. The closed-loop yaw dynamics is
obtained by substituting equation 3 into equation 2:

0 = Iz(θ̈d − θ̈)− kp(θ − θd)− kd(θ̇d − θ̇). (4)
We choose the parameters kp and kd to satisfy the Routh-
Hurwitz stability condition. Along with the geometric atti-
tude and altitude controllers [12], the combined controller
calculates the desired lift force (F ) and torques (τx, τy , τz).
Based on the robot geometry, the desired lift force from each



robot module is calculated as:
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(5)
where cθt and sθt are abbreviations for cos θt and sin θt,
and lt and ld are robot configuration dimensions as defined
in Figure 2 (lt = 12 mm and ld = 22 mm). Compared to our
prior works [12]–[14], this new design enables the control of
the robot’s yaw motion. However, to maintain robot hovering
flight, each tilted module needs to generate a 7% higher lift
force (Figure 2c), which further requires a 3% higher driving
voltage and consumes 6% more electrical power. In this
work, the robot is driven by offboard high voltage amplifiers
(Trek 2220) that can easily supply the extra voltage and
power. In addition to higher power consumption, the increase
of required lift force leads to a larger wing stroke motion,
which worsens wing hinge fatigue. In the next section, we
introduce a new wing hinge design that mitigates fatigue and
improves hinge lifetime.

B. 3-layered wing hinge design for improving flight en-
durance

We developed a new wing hinge that substantially im-
proves endurance while operating at similar lift force condi-
tions. Each robot module has 1 DEA and 2 wings. When a
sinusoidal voltage waveform drives the DEA, the actuator
elongates and contracts with a peak-to-peak displacement
of 1.2 mm. This translational motion is converted into
the robot’s wing stroke rotation through a linear four-
bar transmission. This wing stroke motion (Figure 3a and
Supplementary Video part 1) is directly controlled by the
DEA. While the wing moves along the stroke plane, it
passively rotates along its leading-edge axis (Figure 3a and
Supplementary Video part 1) due to competing aerodynamic
and inertial effects. This underactuated pitching motion gen-
erates lift forces without requiring additional actuators. Prior
studies [17]–[19] investigated the aerodynamic efficiency of
flapping-wing propulsion under different wing stroke and
pitch kinematics.

To achieve desirable passive pitching dynamics, it is
critical to optimize the wing hinge stiffness. Prior studies
[20], [21] used polyimide as a compliant flexure to mimic
a torsional spring. They optimized the flexure design for
RoboBee — an 80 mg flapping-wing robot driven by piezo-
electric actuators — and achieved an impressive lifetime of
0.2 million cycles (approximately 2000 seconds). However,
our robot weighs 2 times heavier and operates at 4 times
higher frequency. Consequently, each wing hinge supports
2 times the aerodynamic loading and suffers a substantial
reduction of lifetime due to faster wingbeat. In prior works,
we found our hinge lifetime to be approximately 0.02 million
cycles (40 seconds) when the robot operates at hovering
conditions.

In this work, we found the tilted design further reduces
hinge lifetime due to the need of higher lift force. Figure
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Fig. 3. Design and characterization of long endurance wing hinges. (a) A
composite image of the robot’s flapping-wing kinematics. The wing stroke
and pitch motions are labelled in red and blue colors, respectively. (b) An
image of a torn wing hinge. The inset highlights the tear locations along the
polyimide flexure. (c) CAD model, side view images, and illustrations of
the wing hinge. The CAD model shows a wing hinge that connects to the
robot transmission and wing. The side view images compare the 1-layered
and 3-layered hinges. The original hinge (left) consists of a single layer of
polyimide flexure. The new hinge (right) consists of 3 layers of polyimide
flexures. The outer layers are connected to the upper hinge part. (d) The
robot exhibits similar stroke and pitch kinematics with these two types of
wing hinges. (e) The 3-layered wing hinge exhibits longer lifetime than the
original wing hinge when the robot operates at similar kinematic conditions
(30°, 45°, and 60°).

3b shows a wing-hinge pair where the lower hinge is
completely torn off. The inset in Figure 3b highlights the torn
polyimide flexure. During the flapping-wing motion, a minor
tear develops around the upper left polyimide corner. This
crack gradually propagates towards the lower right corner
until the wing hinge is torn apart. The red circles in Figure
3b highlight the tear locations.

One method of improving the hinge lifetime is to re-
duce the hinge bending curvature through rescaling hinge
geometry [21]. However, this design requires a simulta-
neous increase of hinge width and length, which would
substantially change the hinge inertia and the wing placement
position. These changes would influence the robot resonance
frequency and substantially impact lift force generation.

We propose a 3-layered hinge design that does not require
rescaling the hinge geometry. In the original hinge design
(Figure 3c), a single polyimide layer acts both as a torsional
spring and a mechanical connection between the upper and
lower hinge. When the hinge experiences fatigue, the hinge
stiffness decreases and the wing pitch motion grows due
to the aerodynamic loading. This increase of wing pitch
amplitude represents an increase of hinge bending curva-
ture, which worsens fatigue and accelerates hinge failure.
Alternatively, we propose a 3-layered design (Figure 3c)
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Fig. 4. A 40-second hovering flight without yaw control. (a) A sequence of composite images that show the robot hovers for 40 seconds at 5 cm above
ground. The red dots indicate the location of the position setpoint. (b-c) Tracked robot lateral (b) and altitude (c) data during the flight. The RMS error
of x, y, and z positions are 21.8 mm, 4.8 mm, and 3.0 mm, respectively. (d) Tracked yaw rotation as a function of time. Without turning on yaw control,
the maximum heading angle error is 41.8◦. The shaded regions exclude robot takeoff and landing.

that uncouples the spring component and the mechanical
connection. The central layer is made of a thin polyimide
sheet whose stiffness is around 10% of the outer layers. This
central layer connects the upper and lower hinge parts. The
outer two layers are made of a thicker polyimide sheet and
they are only connected to the upper wing hinge. During the
flapping-wing motion, each of the outer layers only provides
restoring torques during half of the flapping cycle (Figure
3c). This design is advantageous because the softening of
the central layer does not reduce the overall hinge stiffness.
The outer layers do not experience bidirectional bending, and
this mitigates hinge fatigue.

To validate this design, we fabricated 1-layered and 3-
layered wing hinges and compared their performance. The
width, length, and thickness of the 1-layered wing hinge are
2.15 mm, 0.09 mm, and 12.7 µm, respectively. The width
and length of the 3-layered wing hinge are 2.15 mm and
0.11 mm. The thickness of the central and outer layers are
7.5 µm and 12.7 µm. According to equation (1) from Malka
et al. [21], the stiffness of the 1-layered and 3-layered hinges
are calculated to be 1.02×10−5 N·m·rad−1 and 1.01×10−5

N·m·rad−1, respectively. We assembled these wing hinges
into a robot module and conducted flapping-wing experi-
ments. Figure 3d shows the tracked wing stroke and pitch
kinematics. These experiments confirm the new hinge design
can generate similar flapping-wing motion, which implies the
robot produces similar lift and drag forces.

Next, we conducted a sequence of hinge endurance tests
(Figure 3e) and observed the 3-layered hinge exhibits sub-
stantially improved lifetime. We designed three test cases
where the wing stroke amplitude was set to 30°, 45°, and
60°, respectively. These wing stroke motions correspond to
an approximate lift-to-weight ratio of 0.7, 1.0, and 1.7, re-
spectively. To measure the hinge lifetime, we drove the robot
at these conditions until observing hinge failure. As shown

in Figure 3e, the 3-layered hinge shows higher endurance
in all of the testing conditions. The shaded region indicates
the robot hovering condition. We found the hinge lifetime
increases from 40 seconds to 75 seconds. This substantial
lifetime improvement enables long endurance flights and
yaw-controlled flights in the following sections.

III. FLIGHT EXPERIMENTS

A. Experimental setup

We implemented the proposed flight controller in MAT-
LAB Simulink and compiled it on a designated computer
(Baseline Target Machine, Speedgoat). The controller runs
at 10 kHz in the Simulink Real-Time environment, and the
controlled signals are sent to the voltage amplifiers (677B,
Trek) before being executed on the robot. The position and
orientation of the robot are tracked by a motion capturing
system (6 Vantage V5 cameras, Vicon), which has a tracking
volume of 80 × 60 × 70 cm. In addition, the robot flapping-
wing and flight videos are recorded by a high-speed camera
(VEO V710, Phantom) for post-analysis.

B. Long-endurance hovering flight without yaw control

We performed a sequence of flight experiments with this
newly-designed robot. First, we conducted a 40-second flight
to demonstrate robot endurance. In this experiment, we
switched off the yaw controller (Figure 2d) so the robot
does not actively control its heading angle. Figure 4a shows
composite images of this hovering flight, which is also
shown in Supplementary Video part 2. This flight consists
of a 1.0-second takeoff phase, a 38.5-second hovering phase,
and a 0.5-second landing phase. In the hovering phase, the
maximum and RMS lateral position errors are 32.2 mm and
22.1 mm, respectively (Figure 4b). The robot is commanded
to hover 5 cm above ground, and the maximum and RMS
altitude errors are 4.5 mm and 3.0 mm, respectively. Since



the robot’s heading angle is not closed-looped controlled,
we observed a slow drifting of the yaw angle (Figure 4c).
Despite fine open-loop tuning on net yaw torque prior to this
hovering flight, the maximum yaw error still reaches 41.8°.

This hovering flight represents the longest flight performed
by sub-gram aerial robots. The integration of long-endurance
soft actuators [14] and the enhanced wing hinges introduced
in Sec. II-B enables the robot to withstand added mechanical
stress caused by the tilted stroke-plane configuration. Fur-
thermore, in this 40-second flight, the robot maintains small
position and altitude errors that are comparable to shorter
flights performed by other state-of-the-art sub-gram MAVs
[6]. Based on the hinge endurance measurements in Sec. II-
B, the robot’s total flight time prior to hinge replacement
is estimated to be 75 seconds. Before conducting this long
endurance flight, we performed a sequence of short flights
for tuning the controller parameters. These tuning flights
consist of 15-20 seconds of operation. After performing the
40-second flight, we replaced all eight wing hinges to prepare
for new flights under yaw control. Aside from the wing
hinges, other robot components have substantially longer
lifetime (>1000 seconds) and they do not require frequent
replacement.

In this 40-second flight, we observed a noticeable drift of
the robot’s yaw angle. This may be caused by the ambient air
flow, torques induced by the wire tether, and the unregulated
force components perpendicular to the body z-axis. This
undesired yaw motion motivates the need of controlling the
robot’s heading angle during flight; thus, in the following
sections, we switched on the yaw controller to demonstrate
heading angle control.

C. Hovering flight with a constant yaw setpoint

Followed by the 40-second hovering flight, we switched on
the yaw controller and commanded the robot to hover around
a constant setpoint. Figure 5a and Supplementary Video
part 3 show a 12-second hovering flight where the desired
yaw angle was 0°. The flight consists of 1-second ascent,
10-second hovering, and 1-second descent. The controller
parameters, kp and kd (in Eq. 3), are set to 2.8 × 10−5

and 8.8× 10−6, respectively. The robot hovers 10 cm above
ground. The upper panel in Figure 5b shows the tracked
lateral position data, and the maximum and RMS error are
38.1 mm and 30.8 mm, respectively. The tracked altitude
data (lower panel in Figure 5b) shows a maximum and RMS
error of 8.2 mm and 6.0 mm, respectively. Furthermore, the
maximum and RMS error of the yaw angle are 8.9° and
5.6°, respectively (Figure 5c). In contrast to performing a
single long-endurance yaw-controlled flight demonstration,
we conducted three 12-second hovering flights to show
repeatability. In these three yaw-controlled flights, the yaw
angle setpoint is 0°. The tracked lateral position, altitude,
and yaw angle data of the other two flights are shown in
Figure 5b-c with lighter colors. Compared to the 40-second
hovering flight, the maximum and RMS yaw angle error are
reduced by 78.7% and 74.4%, respectively.
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Fig. 5. 12-second hovering flights with yaw control. (a) A composite
image that shows a 12-second hovering flight. The desired yaw angle is set
to 0°. (b) Tracked lateral position (upper panel) and altitude (lower panel)
of three 12-second flights. (c) Tracked yaw rotation of the same flights in
(b). In (b-c), the darker colored curves correspond to the flight shown in
(a). The shaded regions exclude robot takeoff and landing.

D. Hovering flight with yaw tracking

Next, we performed a 10-second hovering flight in which
the robot tracks a desired yaw trajectory (Figure 6a and
Supplementary Video part 4). The flight consists of 1-second
ascent, 8.5-second hovering, and 0.5-second descent, and the
controller parameters, ks, kp, and kd (in Eq. 3), are set to
2.5 × 10−5, 6.0 × 10−5, and 9.2 × 10−6, respectively. The
desired and tracked yaw angles are shown in Figure 6b,
where the positive and negative yaw setpoints are 30° and
-60°, respectively. This result demonstrates the robot yaw
motion can be controlled in both directions, and the robot can
track a pre-determined time-varying reference trajectory with
a maximum and RMS error of 14.2° and 5.8°, respectively.
At the same time, the maximum and RMS lateral position
errors are 30.4 mm and 18.4 mm (Figure 6c), and the
maximum and RMS altitude error are 17.0 mm and 10.1 mm.
While the position and altitude errors remain small (<35
mm), we found that positions and yaw motion are coupled
due to assembly imperfections. When the robot turns in the
positive direction with respect to the body z-axis, the robot
drifts slightly in the positive y and z directions. In contrast,
when the robot turns in the negative direction, it drifts in
the negative y and z directions. This small error could be
mitigated by implementing an integral term in the flight
controller. The controller parameter values for the flights
reported in Sec. III are documented in Table I.



A
ng

le
 (

°)

P
os

iti
on

 (
cm

)

P
os

iti
on

 (
cm

)

0 s

0.4 s

1.1 s

3 s
7 s

9.6 s 1 cm

9.8 s

10 s

(a)

(b) (c) (d)

0 2 4 6 8 10
Time (s)

-90

-45

0

45

Yaw Reference

0 5 10
Time (s)

-10

0

10

x y

0 5 10
Time (s)

0

6

12

z
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TABLE I
Controller parameters of the reported flights.

Flight λ0 λ1 λ2 λ3 Λ0 Λ1

Endurance (Fig. 4) 7756 4177 423 32 135 19
Yaw setpoint (Fig. 5) 8845 4310 467 32 90 18
Yaw tracking (Fig. 6) 9051 4442 335 32 90 18
*λi and Λi are parameters for attitude and altitude controllers as
defined in Chen et al. [12], Supplementary Note S4.

IV. DISCUSSION AND CONCLUSION

In this work, we developed a 680 mg aerial robot based
on the tilted stroke-plane design. Equipped with novel 3-
layered wing hinges, the robot demonstrated a 40-second
long-endurance hovering flight, three 12-second flights with a
fixed yaw setpoint, and a 10-second flight with yaw trajectory
tracking. Table II compares the flight performance of existing
sub-gram MAVs that are capable of demonstrating in-flight
yaw angle tracking. In comparison, our robot exhibits sub-
stantially longer flight endurance with similar accuracy. In
addition, all other rigid-driven robots in Table II require a
safety tether when performing yaw-controlled flights, while
our soft-actuated SoftFly does not need one because of
actuator robustness and structural resilience.

Furthermore, this work demonstrates that the tilted stroke-
plane design is effective for enabling yaw control. This
design outperforms the split-cycle methods [9], [11] in DEA-
driven aerial robots since the higher harmonic control signals
would be distorted and damped by the soft actuators that
operate near resonance frequency. Another advantage of this
design is that yaw torque generation only requires purely
sinusoidal driving inputs, which can simplify future designs
of onboard power electronics. In addition, this configura-
tion enables simultaneous control of roll, pitch, yaw, and
thrust commands, which is analogous to that of larger-

TABLE II
Comparison of flight endurance and heading-angle tracking among

sub-gram MAVs.

Flight time RMS errors Safety
Robot Yaw control Lateral Yaw tether

No Yes (mm) Angle
RoboBee [11] [22] 11 s 6 s 19.1⋆ 4.1◦⋆ Yes
RoboFly [9] [23] 5 s 2 s 13.6‡ 18.9◦ Yes

QAB [24] N/A 9.5 s 33.5⊥ 38◦ Yes
SoftFly (this work) 40 s 10 s 18.4△ 5.8◦△ No
⋆The authors provided mean errors (not RMS) in [11].
‡Flight results without yaw-angle tracking from [23]. No lateral
position errors found in [9].
⊥Calculated through the graphs reported by the authors.
△Based on yaw tracking flight in this work (Fig. 6).

scale tilted quadrotors [25]. Future works can leverage well-
established control strategies from the quadrotor community
to execute more challenging maneuvers in sub-gram MAVs.
Furthermore, the new 3-layered wing hinges show a 1.82
times increase of lifetime without changing hinge inertia or
stiffness. Both the tilted configuration and 3-layered hinges
may benefit the IMAV research community, and they can be
applied in rigid-driven MAVs.

More importantly, this work expands the flight capability
of soft-actuated aerial robots. Combined with prior works
[12]–[15], our robot has demonstrated tasks such as hovering
flight [12], [14], in-flight collision recovery [13], somersault
[13], electroluminescence-assisted motion tracking [15], 40-
second long-endurance flight (this work), and yaw trajectory
tracking (this work). Many of these flight capabilities are
comparable to or even absent in the state-of-the-art rigid-
driven sub-gram MAVs. These works demonstrate the unique
potential of developing agile, robust, and multifunctional soft
robots.
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