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ABSTRACT

Creating an autonomous flying vehicle the size
of a honeybee presents a number of technical
challenges because of its small scale. As vehicle
wingspan diminishes, angular acceleration rates
increase, necessitating sensing and control sys-
tems with high bandwidth. Hovering demonstra-
tions have so far required feedback from high-
speed motion capture cameras to estimate the an-
gular velocity, attitude, and position of the ve-
hicle to provide the continuous corrective feed-
back necessary to avoid tumbling. To achieve
autonomous flight, it will be necessary to incor-
porate a suite of sensors carried onboard. Here
we present a step in this direction by integrating a
MEMS gyroscope onto an 80 mg flapping-wing
micro air vehicle to provide attitude feedback in
flight. This enables 2-5 s hovering flights in
which the motion capture system provides only
position feedback. Our vehicle, and likely oth-
ers in the future of similar scale, is propelled
by flapping wings that generate vibration. Our
results indicate that the resulting accelerations,
measured as high as 5 g by the sensor’s ac-
celerometer, significantly distort readings from
the accelerometer but not the gyroscope.

1 INTRODUCTION

Significant challenges accompany the reduction of a fly-
ing robot to the size of a fly or bee. As vehicle size dimin-
ishes, conventional propulsion approaches (e.g. as in rotor-
craft) become impractical because of physical scaling laws.
For example, energy losses per unit mass of an electromag-
netic motor increase as [~2 [1], where [ is some character-
istic length of the vehicle such as the chord length. Biolog-
ical organisms at this scale instead use flapping wings [2].
Most small flying animals, from hummingbirds to flies,
have evolved a convergent solution of hovering by flapping
wings to overcome the low glide ratio of fixed wings at low
Reynold’s numbers [3]. The resulting unsteady aerodynamics
augment lift [2, 4].
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Figure 1: A robotic fly (81 mg) carries an onboard inertial
measurement unit (40 mg) attached to the anterior to measure
angular velocity. This feedback was used by the controller
to apply corrective torques through the wings to stabilize its
flight and hover.

The challenges at small scale extend to sensing and con-
trol. As the vehicle becomes smaller, the rate of rotational
acceleration increases, scaling as [~* [5]. This challenge is
exacerbated by dynamic instability for designs that have the
same basic body plan as hovering insects such as flies and
bees, whose body hangs below the wings. Aeromechanics
simulations suggest that typical baseline hovering wing kine-
matics lead to a dynamically unstable system [6, 7, 8]. There-
fore, not only must a flight controller for such vehicles per-
form continuous corrective maneuvers as is required in fighter
jets [9], it must do so with a time delay that is orders of mag-
nitude shorter because of the smaller length scale. This is
because fundamental control limits place an upper bound on
the time delay that can be tolerated in a control loop that
must stabilize a dynamically unstable system [10]. A vehi-
cle the size of a fly or bee is nevertheless large enough that it
is foreseeable that currently-available sensing and computa-
tion technologies could be miniaturized to fit within its mass
and power constraints. An initial step toward flight autonomy
is to equip a sensor that can stabilize its attitude dynamics.

The first fly-sized robot to carry its own weight over-
came the propulsion challenge by driving flapping wings
using piezoelectric actuators [4, 11]. Piezoelectric actua-
tors have no moving components, allowing them to scale
downward more favorably compared to motors that require



bearings and gears [1]. A complementary laser-based mi-
crofabrication process was developed to quickly and pre-
cisely create flexure-based articulated mechanisms out of
high-performance materials such as carbon fiber and poly-
imide [12].

Here we consider the attitude control problem of such
a vehicle. Advances in fabrication and design led to an
81 mg prototype with the actuation capability to control its
flight motions [13], shown in Figure 1. Using an array of
external motion capture cameras and reflective markers at-
tached to the vehicle to provide attitude and position feed-
back, a controller was developed that enabled it to perform
controlled flight maneuvers [14]. To fly this vehicle au-
tonomously outside of laboratory conditions, however, scale-
appropriate sensing and control must be developed. Stabil-
ity has previously been achieved with airfoils such as air
dampers [7] or a tail [15, 16], but this makes the vehicle
susceptible to wind disturbances and sacrifices maneuverabil-
ity. An alternate approach, inspired by the ocelli of flying
insects, achieved upright stability using four light-sensitive
phototransistors and a light source above the vehicle [17]. In
this work we use an inertial measurement unit (IMU) built
from micro-electromechanical systems (MEMS) to provide
information about the attitude of the vehicle so that it can sta-
bilize its flight motions. Feedback from onboard gyroscopes
has previously been used on flapping-wing vehicles, such as
a 20 g hummingbird vehicle [18] and a 13 g four-winged or-
nithopter [15], but these vehicles are more than two orders of
magnitude more massive.

Key questions to be addressed in the current study are
whether the vehicle can be tuned to stably carry the weight
of the sensor, which adds approximately 50% to the total
vehicle weight, whether data can be returned through the
tether with high fidelity, and whether the sensor’s operation
is disrupted by the high-frequency vibratory environment of
flapping flight. In [18], it was found that certain MEMS
gyroscopes produce nonsensical output when mounted on a
flapping-wing vehicle. Gyroscope output was numerically
integrated successfully to estimate absolute attitude for short
periods on Baek’s ornithopter [15]. Both of these platforms,
however, flap at only ~20 Hz. It is therefore unknown whether
sensor output will be disrupted at the much higher 120 Hz
flapping frequency of our vehicle.

Our results show that by carefully calibrating the vehi-
cle, it can carry the extra payload of the sensor. We find that
neither communication nor gyroscopic fidelity is significantly
disrupted by deployment on the tiny flapping-wing vehicle.
In Sections 2 and 3, we describe the MEMS IMU and the
flapping-wing micro air vehicle used in our test flights. In
Section 4 we give an analysis of how rate feedback can give
upright stability and demonstrate this principle using flight
tests, reproducing earlier results using ocelli [17]. In Sec-
tion 5 we show how this sensor was used to achieve short
duration hovering, by demonstrating a series of flight tests

Table 1: Characteristics of the MPU9150 Inertial Measure-

ment Unit
Characteristic Typical Value
Mass 36 mg
Area 4 x 4 mm?
Height 1 mm
Power 24V,94mW
Max. Output Data Rate
Gyroscope 8 kHz
Accelerometer 1 kHz
Magnetometer 8 Hz
Max. Range
Gyroscope 42000°/s
Accelerometer +16g
Magnetometer +1200uT
Max. Sensitivity
Gyroscope 16.4 LSB/(°/s)
Accelerometer 2048 LSB/g
Magnetometer 0.3 LSB/uT

Figure 2: IMU connected to the custom flex circuit. A) Un-
populated circuit board. B) Sensor and three capacitors (two
01-005 and one 04-02 size) after attachment to the circuit
board, showing four-wire connection at the top. The outer
border of the flex circuit has been modified from A to B to
accommodate placement on the top of the robot. C) Popu-
lated circuit board shown from the back.

in which successively fewer components of external motion
capture measurements are used for feedback control.

2 MEMS INERTIAL MEASUREMENT UNIT

2.1 Selection and Fabrication

The MPU9150 (Invensense, San Jose, CA, U.S.A.) was
the first MEMS device to include a 3-axis accelerometer, a
3-axis gyroscope, and a 3-axis magnetometer in a package
small enough for our robotic fly to carry (see Table 1 for spec-
ifications). It communicates using the I2C protocol, provid-
ing feedback rates as high as 1 kHz. This is a higher rate
than the 500 Hz motion capture system which has previously
been used to stabilize the robot [14]. The sensor requires a
minimum of three capacitors—one bypass capacitor, a filter
capacitor and a charge pump capacitor. In addition, the pins
for external clock input, frame synchronization input, and the
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Figure 3: (top) Data from the flight in Figure 6 comparing
filtered estimates of angular velocity w from the gyroscope
(thick lines) to that of the motion capture system (thin lines).
The wings ramp-up flapping starting at t=1.35 s; red, green,
and blue correspond to w,;, wy, and w;, respectively. Spikes
in the motion tracking estimates from the period t=1.5to0 1.7 s
are due to imperfect tracking. (bottom) A close-up of read-
ings from the gyroscope before filtering (thin lines, 1 kHz
sampling frequency can be observed) and after filtering by
a 3rd order low-pass Butterworth filter with a 40 Hz cutoff
frequency. A prominent oscillation at the 120 Hz flapping
frequency of the wings can be observed in the unfiltered mea-
surements.

slave address least significant bit need to be pulled low. The
logic voltage and supply voltage were connected to reduce the
number of wires and weight. To satisfy these requirements
we designed a custom printed circuit board (flex circuit) to
mount on the robot.

The sensor itself has a mass 36 mg (Table 1). The addi-
tional components of the capacitors, board, and solder added
an additional 4 mg. In [13], measured lift forces indicated
that the robotic fly could carry an additional 60-70 mg while
flapping with a maximum wingbeat amplitude. But operating
the wings at full amplitude leaves no capability to modulate
wing kinematics to apply torques around the pitch and roll
axes (Section 3). The lower the payload, the greater the con-
trol torques that can be applied. Accordingly, to minimize
mass the board was made from thin copper-clad flex circuit
material (18 pm copper, 12.7 pm polyimide). The circuit was
fabricated using a direct-write photolithography and etching
process and components were then hand-soldered (Figure 2).
To minimize torque due to an off-axis placement, the sensor
was attached at the anterior of the vehicle, as shown in Fig-
ure 1.
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Figure 4: Accelerometer measurements in flight. (top) In a
hovering test, the vehicle begins flapping its wings at ¢t=2 s
and flies to the setpoint altitude. (middle) A plot of ac-
celerometer readings over a shorter time window shows the
120 Hz oscillations induced by the flapping wings and fil-
tered version (approximately horizontal lines). Red, green,
and blue are body z-, y-, and z-axis measurements, respec-
tively. Accelerations up to +5 g are measured along the
forward-backward direction of the flapping wings. (bottom)
Motion capture estimate of acceleration (filtered, light line)
compared to accelerometer measurements along the z-axis
(filtered, dark line, data rotated to world frame).

2.2 Communication interface and control

Sensor data was communicated over I12C at 400 kbps
through four 51-gauge copper wires measuring approxi-
mately 30 cm. Control computations were performed by a
desktop computer running an XxPC Target realtime operating
system (Mathworks, Natick, MA, USA). The data rate is suf-
ficient to communicate gyroscope and accelerometer readings
at a rate of 1 kHz. The control loop on this computer oper-
ated at 10 kHz to provide smooth analog signals to external
high-voltage amplifiers. Because the 12C protocol requires
digital communication at rates much higher than the con-
trol loop frequency, a field-programmable-gate-array (FPGA)
add-in card (Speedgoat GmbH, Liebefeld, Switzerland) was
programmed to implement the I2C protocol. A voltage level
shifter (Phillips GTL2002) allowed digital electrical commu-
nication between the MPU9150 (max 3.3 V) and the FPGA
board (5V TTL). Embedded Matlab software translated the
16-bit signed integer sensor readouts into floating point quan-
tities for use in the controller.

2.3 Initial Characterization

To characterize the sensor, we compared the outputs of
the gyroscope and the accelerometer to motion capture mea-
surements during open and closed-loop flight experiments



(see Figure 3 (top) for comparison). The filtered gyroscope
data reproduces the motion capture measurement faithfully,
with approximately 10 ms less latency.

As can be seen in Figure 4, the measured acceleration
along the z-axis of the robot can generally track the motion
capture estimate; however, when the wings begin flapping at
approximately ¢=2.1 s, the accelerometer estimate becomes
negative (Figure 4). Given the altitude trajectory, we ex-
pect a positive acceleration at the start that approaches zero
as the robot reaches the desired altitude. This is reflected in
the motion capture measurement. The raw signal from the
accelerometer, however, shows high frequency noise with a
maximum amplitude of (=5 g) along the y-axis. This is in the
same direction as the forward-backward motion induced by
the flapping wings. It is possible this large oscillation cross-
couples to other degrees of freedom or moves the sensor into
a nonlinear regime in which it is slightly less precise. The
distortion is nearly —2 m/s?, is larger than the accelerations
of interest, which are on the order of 1 m/s? (Figure 4). In-
tegrating this sensor’s output twice to estimate position gives
an error on the order of one meter within a second in all di-
rections, suggesting it cannot be used for motion estimation
except at very short timescales.

3 RoBoTIC FLY

As described in more detail in [13, 14], the robotic fly pro-
totype considered here (Figure 1) has a pair of independently-
actuated wings that can produce sufficient lift to take off and
induce torques independently about orthogonal axes to con-
trol the vehicle’s motion. We define a right-handed coordi-
nate system for the body in which the right wing points along
the positive x-axis, the y-axis points forward, and the z-axis
points upward (Figure 5). In this definition, the long axis of
the body hangs downward in the negative-z direction. Roll
torque is induced by varying the relative stroke amplitudes of
the left vs. right wing. Pitch torque is induced by moving the
“mean stroke angle”—the time-averaged angle of the forward-
backward motion of the wings—in front (4y) or behind (—y)
the center of mass [13].

The robot is given power and controlled through a
lightweight compliant tether wire that has little effect on ve-
hicle dynamics [14, 17]. Power and control commands are
transmitted over four 51-gauge (0.022 mm diameter) copper
wires and feedback from the IMU is returned through a sec-
ond bundle of four. Limitations in the current manufacturing
process limit vehicle lifetime of each laboriously-fabricated
vehicle [11] to just a few minutes of flight, after which flex-
ure joints fail and the vehicle must be replaced. Accordingly,
only a few flights were possible in this study.

4 UPRIGHT STABILITY IN FLIGHT

The simplest way to utilize a gyroscope to stabilize flight
motions is to take advantage of the natural dynamics of the
vehicle. In previous work [17] it was shown analytically and

Figure 5: Model and axis convention for the robotic fly. The
vehicle state is given by three quantities, the rotation angle
6, the rotation velocity w, and the lateral velocity in body
coordinates v. A lift force f; generated by the flapping wings
acts at a distance r,, away from the center of mass and along
the body-z direction, an aerodynamic drag force fy acts at a
distance r,, from the CM, and the gravitational force mg acts
at the center of mass. The right-handed axis convention for
world coordinates is shown, with y pointing into the paper.
A feedback controller applies a control torque 7. by altering
baseline wing kinematics.

experimentally on the flapping-wing robot testbed that sta-
bility of the vehicle can be achieved by applying a torque
proportional to the angular velocity in the pitch and roll di-
rections. This is because the body of the robotic fly hangs
below the wings, exhibiting pendulum-like dynamics that are
unstable without feedback, but can be stabilized through a
velocity-proportional feedback that induces a “damping” ef-
fect. In that work, an ocelli-inspired light sensor was used
to estimate angular velocity. Here, we first aimed to verify
whether angular velocity feedback measured from the gyro-
scope could be used as a substitute.

4.1 Stability Analysis

A diagram of the planar dynamics is shown in Figure 5. A
test of this vehicle flapping in a wind tunnel indicated that the
stroke-averaged drag force on the wings is nearly linear with
the incident airspeed for typical wing kinematics. This is the
case for wind in both the z- and y-directions. Accordingly,
the model for aerodynamic drag in both cases is:

fd = _bwvwa

where v,, is the lateral velocity of the point on the airframe
at the midpoint between the two wings and b,, is a drag con-
stant. If the vehicle is rotating at angular velocity w, then
the velocity of the wings, when linearized around 6 = 0,
is v, = ryw + v, where r,, is the distance from the mid-
point of the wings to the CM. Similarly, the force arising
from aerodynamic drag is fq = —by(v + rpw) and the
torque about the center of mass due to this force is 7¢ =
—Twfd = burwv — byr2w. With lift force due to the flap-
ping wings (f;) approximately balancing out weight (mg),
the lateral force due to the tilted thrust vector is equal to
— fisinf = —mgsin 6 ~ —mg#h for small 6.



With a control law that applies a torque proportional to
the rate of rotation,
Te = —kaw, ey

and assuming planar motion, we can neglect second-order
cross-product terms and equate forces and torques to veloc-
ities according to f = mo, and 7 = Jw. The linearized
equations of motion about zero pitch angle 6 can be written
as a state-space dynamical system ¢ = Aq with the state vec-
tor ¢ = [0, w, v]T expressed in body coordinates, where

0 1 0
A= 10 —2(byr? +ka) Lbyrs|. ()
—g byry —bw

Using the Routh-Hurwitz stability criterion gives a lower
bound on the velocity feedback gain in the controller given
in Equation (1) necessary to achieve asymptotic stability at
[0, w, v] = 0 for the robotic fly. Using previously-published
parameters and the addition of the 40 mg mass of sensor the
on the anterior of the robot, 1.5 mm above the leading edge
of the wing, we found that a gain of k; = 2 x 10~7 was
sufficient to achieve stability for both xz- and yz- dynamics.

4.2 Flight Tests

Tuning in preparation for closed-loop flights was initiated
as follows. If the vehicle is sufficiently well-fabricated that
it can take off without a torque bias, then the direction of
pitch or roll velocity after take-off is observed. Trim values
for pitch and roll torque are altered to the maximum extreme
to oppose its initial torque. If in the subsequent take-off the
vehicle is observed to apply a net torque in the opposite direc-
tion, the vehicle is deemed worthy of further testing. A search
is then performed to find trim parameters for which takeoff is
nearly vertical.

The vehicle’s flight trajectory with feedback from the gy-
roscope alone is shown in Figure 6. In this flight, feedback
from the gyroscope was applied according to the control law
in Equation (1). The vehicle remains stably upright during
this flight, indicating that gyroscopic feedback is able to sta-
bilize its upright orientation as desired. Without feedback, in
all trials yet observed, the vehicle quickly tumbles.

5 HOVERING

In this section we build on the demonstration of achiev-
ing upright stability using gyroscope feedback to demonstrate
hovering using a combination of gyroscope feedback and mo-
tion capture.

The hovering controller used here incorporates improve-
ments over that reported in [14] that includes an adaptive
component that continuously estimates vehicle parameters
such as torque offsets [19]. We provide an overview here.
The flight controller requires three inputs: angular velocity
w (body coordinates), attitude [#, ¢, 2] = RT (the unit vec-
tors of the axes of the vehicle in world coordinates, equiv-
alent to the transpose of the rotation matrix ), and position
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Figure 6: Plot of flight trajectory in which angular velocity
feedback from the gyroscope was used to maintain an up-
right orientation. In this flight, position was not under feed-
back control. Vehicle attitude is rendered at 20 ms intervals.
Dots represent the location of the CM of the vehicle and the
black line denotes the long axis of the body; projections of
the trajectory are shown in grey in the background. In the z-
projection below the vehicle, the “forward” +y direction of
the vehicle is projected rather than its long axis to indicate the
vehicle’s heading.

[X,Y, Z]T (world coordinates). An independent altitude con-
troller modulates the thrust force to maintain the desired al-
titude given position feedback. An outer position loop com-
putes a desired direction of the Z vector, z4, based on the
position error. By inclining the axis of the vehicle, lateral
thrusts can be generated. The attitude error is defined as
e = [Y- 24, —% - 24, 0]T. Based on this error, the attitude
controller calculates torques as a function of the attitude error
e and angular velocity w according to:

Te = f(e,(U) + 7
= —K,(w+Ae)— (Ae x Jw) —JAe+ 1, (3)

where K, and A are positive diagonal gain matrices that are
experimentally tuned, 7, is the trimmed offset torque neces-
sary to compensate for manufacturing irregularity, and J is
the estimate of the inertia matrix.

To use gyroscope feedback in this controller, note that the
output of the three-axis gyroscope is an estimate of w. Ad-
ditionally, from Equation (3), an estimate of attitude error e
is needed. We parameterize the vehicle attitude using a zyx-
convention for Euler Angles to avoid representation singular-
ities at hover. In this convention, attitude is defined by first
rotating the frame by an angle 03 € (—m,n| (yaw) around
the body z-axis, then 0y € (—%, %) (roll) around the new
body y-axis, and then 6, € (— s %) (pitch) around that body
x-axis. Performing the same rotations about world axes but
in the opposite order, that is, XY Z, gives the same attitude.
With this convention, the rates of change of these angles as

a function of the angular velocity vector w are given by the
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Figure 7: Plot of flight trajectory, rendered at 20 ms intervals.
This flight used feedback entirely from motion capture, pro-
viding a baseline performance measure. The desired hovering
position is indicated by a red circle. Other figure conventions
are the same as in Figure 6.
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By integrating Equation (4) over time, an estimate of the atti-
tude can be computed from the rotation matrix derived from
these Euler Angles [19], from which e and its derivative can
be computed.

Because of the limited lifetime of the robot, we performed
the experiments incrementally. First, we verified that hover-
ing was operational using only feedback from motion cap-
ture, insuring that the necessary amount of control authority
was available after incorporating the additional payload, and
to quantify a baseline flight performance. Next, we incorpo-
rated the angular velocity estimate w from the gyroscope into
the feedback loop. Finally we additionally incorporated the
attitude estimate 2 derived from integrating gyroscope output
(Equation (4)) so that motion capture feedback was entirely
eliminated from attitude control of the robot.

5.1 Motion Capture Feedback

Figure 7 shows that, with appropriate tuning of controller
gains and trim values, the robot was able to carry the extra
payload and take off and hover near the desired setpoint po-
sition [X, Y, Z]T = [0.1,0, 0.06]7 m using motion capture
feedback. Its mean position for the 2 s period after reaching
the desired altitude was [0.109, 0.0077, 0.056]7 m.

5.2 Angular Velocity Feedback

Having demonstrated in Section 2 that the angular veloc-
ity estimate of w from the gyroscope accurately tracks the
ground truth measurement from motion capture, with lower
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Figure 8: Plot of hovering flight trajectory in which gyro-
scope provided an estimate of the angular velocity w. Other
details are the same as in Figure (7).

latency, we incorporated this estimate into the hovering atti-
tude controller. Figure 8 shows that the robot achieves hover-
ing flight, flying near the set point, maintaining a mean posi-
tion of [0.093, 0.0058, 0.056]”7 m and comparable error.

5.3 Attitude Feedback

In this experiment, we performed a zero-order hold nu-
merical integration of Equation (4), initialized using the mo-
tion capture estimate of attitude at t=0 s. Figure 9 shows the
trajectory of the robot during a flight in which both angular
velocity and attitude were estimated by feedback from the
onboard gyroscope. In this experiment the robot remained
near the setpoint position for approximately 2 s, after which
it began to exhibit significant position error. This may be
attributable to drift in the attitude estimate causing a lateral
thrust error. During the initial 2 s period of tracking, the robot
maintained a mean position of [0.075, 0.029, 0.057]7 m.

5.4 Analysis

The flight using only motion capture estimates produced
a mean Euclidean distance error of less than 0.01 m from the
setpoint. When the w estimate from the gyroscope was in-
corporated, the mean error was a comparable 0.01 m. For the
flight in which gyroscope feedback additionally estimated the
attitude z, the error increased to 0.03 m. A possible explana-
tion for the error is that, as can be observed in Figure 10, a
visible drift is noticeable along the pitch (red) axis, reaching
an error of 6° (0.1 rad). This drift, perhaps arising because
the largest oscillations occur about this axis because of the
forward-backward motions of the wings (Figure 3), would
cause a force error in the y-direction as the vehicle tilted in
response.

In addition to plotting the 3D trajectory of each flight and
comparing the mean position of each flight experiment, we
calculated the root mean square error (RMSE, see Figure 11).
We expect comparable levels of RMSE in altitude because



Figure 9: Plot of flight trajectory in which the gyroscope pro-
vided all attitude feedback in the flight controller, including
both angular velocity w and attitude 2. In this flight, the po-
sition error was somewhat larger than in Figure (8), possibly
because of drift in the attitude estimate. Other details are the
same as in Figure (7).

the altitude controller runs independently of the attitude con-
troller and receives the same measurements in all tests, as
can be observed in Figure 11. RMSE is comparable between
the motion capture-only experiment and experiment in which
the gyroscope estimated w for both x-position, where the er-
rors are 1.17 cm and 1.39 cm, respectively, as well as for
the y-position, where the errors are 1.26 cm and 1.05 cm,
respectively. The RMSE of the lateral position of the flight
with attitude estimation from the gyroscope is significantly
larger at 2.72 cm in x—position and 2.95 cm in y-position.
Given that the robot had difficulty correcting its pitch angle
and drifted away from the set point during flight, these val-
ues are not unexpected. These results indicate that estimates
from the gyroscope can be substituted for those from the mo-
tion capture system and still maintain stability and control of
the vehicle despite its fast and unstable dynamics.

6 CONCLUSIONS

In this work we demonstrated a MEMS IMU integrated
with a fly-sized robotic vehicle. Feedback from this sensor
was shown to be sufficient to stabilize this vehicle’s upright
orientation and estimate the vehicle’s attitude for short peri-
ods for use in an inner attitude control loop. This constitutes
the first demonstration of controlled flight in fly-sized robot
in which only position feedback was derived from external
Sensors.

Our results indicate that gyroscope sensor readings are
somewhat, though not significantly impaired by vibrations
induced by the wings. Because the flapping frequency is
known, a future improvement could refine the filter design
to better eliminate it, either by a notch filter or by adaptive
cancellation, and thus reduce feedback latency even further.
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Figure 10: Comparison of measured Euler Angles — pitch
(red), roll (green), and yaw (blue) — from motion capture (thin
line) to the estimate derived by integrating gyroscope feed-
back (thick line) from the flight shown in Figure (9). The
flight starts at ¢t=2.0 s. Drifting over time can be observed,
particularly about the x-axis (pitch).
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Figure 11: Root Mean Square Error (RMSE) position er-
ror for z-, y-, and z-coordinates for three flight experiments:
motion capture feedback (blue), w estimate from gyroscope
(green), and full attitude measurements (w, 2) from gyro-
scope (red).

Our results indicate that the accelerometer component ex-
hibited significant noise and distortion in the presence of the
flapping wings. This suggests alternative sensing modes may
be necessary to quickly sense translational motions for high-
bandwidth control, such as infrared proximity sensors, vision,
or a pressure sensor (for altitude). We cannot rule out that
sonar or laser rangefinders could be sufficiently miniaturized.

As the fabrication process matures, more flights will be
possible, which will permit a more comprehensive charac-
terization of the system dynamics presented here. To permit
longer flight times, drift in the attitude estimate could be re-
duced by incorporating accelerometer or magnetometer feed-
back using a Kalman Filter.

The results reported here provide a baseline sensor suite
for stable flight that will enable future flight control studies.
They motivate further development in lightweight sensing,



computation, power source, and control technologies appro-
priate for bee- or fly-sized flying vehicles.
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