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Abstract Insect-scale micro-air vehicles (MAVs) require careful consideration of
the size, weight and power for each component. The inherent instability of the sys-
tem, exacerbated by the faster dynamics that result from increasing angular accel-
erations with decreasing scale, requires high bandwidth sensing to maintain sta-
ble flight. The Harvard RoboBee is the first MAV under 100 mg to demonstrate
controlled flight using external motion capture cameras to measure the position
and orientation of the vehicle during flight. Prior research into onboard sensing
has demonstrated several sensors that provide sufficiently high-bandwidth and low-
latency feedback to stabilize the attitude of the robot. To achieve autonomous flight,
the vehicle needs to sense its attitude, altitude, and either lateral position or velocity.
Here we build on previous work by incorporating a sensor that is size- and power-
compatible with insect-scale flight, capable of estimating distance by measuring the
time-of-flight of an infrared laser pulse. This sensor has sufficiently low latency
to allow the robot to maintain constant altitude over multiple flight experiments.
This work on onboard altitude control represents the latest results in achieving au-
tonomous control and visually-guided flight.

1 Introduction

Insect-scale MAVs (50-500 mg) are envisioned for many applications, including
hazardous environment exploration and assisted agriculture. However, flight at this
scale poses a control challenge for stability, as rotational acceleration increases with
a decrease in the vehicle’s characteristic length, scaling as l�1 [15]. The vehicle’s
flight dynamics are also unstable, requiring the flight controller to perform contin-
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Fig. 1 The Harvard RoboBee
is an 80 mg flapping-wing
MAV that has demonstrated
controlled flight using exter-
nal motion capture cameras
and reflective markers on
the base and nose of the
robot. Here we incorporate
an infrared (IR) time-of-flight
(ToF) sensor mounted on the
base of the robot and use
it to detect and control dis-
tance from the ground during
flight. Inset: VL6180x (ST
Microelectronics) mounted
on a custom flex circuit. The
sensor is 5 mm in length.

uous corrective maneuvers [1]. Therefore, in addition to meeting the stringent mass
and power requirements for vehicles at this scale, onboard sensors must also provide
low latency, high bandwidth information to the active controller.

The Harvard RoboBee (see Fig. 1) is the first MAV under 100 mg to lift its own
weight and demonstrate controlled flight under external power [16]; however, an ex-
ternal, camera-based motion capture system (Vicon T040 System, Oxford UK) was
used to estimate the position and orientation of the robot. For the RoboBee to oper-
ate in unstructured environments, it must be equipped with sensors that can estimate
the vehicle’s state to stabilize the dynamics and sense its external environment. In-
sects are a key source of inspiration for flight control, they rely on a multitude of
sensory organs that provide estimates of relevant state variables to use in combi-
nation with reflexive or high-level control architectures to adjust flight accordingly
[21].

Vision has been shown to be particularly important for navigation at small scales;
GPS is too imprecise, with an accuracy of 1-10 m, and currently available emissive
sensors such as radar, scanning laser rangefinders, and sonar do not meet the weight
requirements (⇠40 mg) of the vehicle [4]. MAVs have adopted vision sensors for
navigation at scales one to two orders of magnitude larger than the RoboBee, includ-
ing [7] and [3]. Other researchers have demonstrated high bandwidth, low latency,
and lightweight biomimetic optical sensors with the goal of stabilizing many aspects
of the RoboBee’s flight, including altitude on fixed guide wires [9], and orientation
after takeoff [11].

In addition to these vision-based sensors, inertial measurement units (IMUs) – a
system consisting of gyroscopes, accelerometers, and magnetometers – have long
been used for flight control and stabilization of larger aircraft. Demand for minia-
turization by the consumer electronics industry has resulted in sensors that now
meet the mass (⇠ 10-100 mg) and power (⇠10 mW) requirements of the RoboBee
and have been integrated onto the vehicle. These sensors demonstrated low-latency
feedback and sufficient noise rejection, controlling motion about the pitch and yaw
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Fig. 2 Model of the altitude
dynamics of the RoboBee and
diagram of the flight appa-
ratus. The altitude controller
assumes upright orientation,
reducing the model to a sin-
gle dimension, z. The thrust
force, FT , generated by the
flapping wings acts along the
body z�axis, with the gravita-
tional force of the body acting
at the center of mass. The
robot moves with velocity, ż,
along the z�axis. The sensor
(mounted below the robot)
estimates the distance of the
robot from the ground, ẑ, with
Vicon cameras estimating the
lateral position and attitude
during flight. The robot is
tethered for power and con-
trol signals, as well as sensor
communications.
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axes [12], as well as providing flight stabilization at takeoff and hovering [10]. In
addition to stabilizing the attitude of the vehicle, the hovering controller from [6]
requires estimates of rotation rate about the body axes, the absolute orientation of
the vehicle, the lateral velocity and position, as well as the altitude to hover with
asymptotic stability.

In addition to facilitating altitude regulation, an altitude estimate, when combined
with other sensors, can be used to estimate other aspects of the vehicle’s motion.
Future research into autonomous, visually-guided flight at this scale will require ac-
curate altitude estimation. An onboard, downward-facing optic flow sensor coupled
with an absolute altitude estimate can provide the vehicle’s forward velocity, as in
[13] and demonstrated by landing honeybees in nature [21].

Here we consider a millimeter-scale infrared (IR) time-of-flight (ToF) sensor to
measure the absolute position of the vehicle from the ground. We demonstrate that
the sensor meets the mass and power requirements of the vehicle while providing
feedback at a sufficient rate (⇠50 Hz) to control the altitude of the vehicle during
hovering flight.

This paper describes the altitude dynamics of the RoboBee and estimates the
minimum feedback rate necessary to stabilize this degree of freedom (Sect. 2); dis-
cusses the sensors that meet the mass, power, and frequency requirements as well
as describes the integration and calibration of the ToF sensor onboard the vehicle
(Sect. 3); and demonstrates controlled flight of the vehicle with onboard altitude
estimates from the sensor at multiple setpoints (Sect. 4).
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Fig. 3 The closed-loop dynamic model of the robot and sensor for perturbations away from the
hovering setpoint. The PID controller (gains kp, ki, kd) computes a thrust force FT that minimizes
error between the desired setpoint zd and the measured altitude ẑ. This thrust force acts as an input
to the dynamics of the robot (Eq. 1), forcing the robot to a new altitude. The sensor reads this
new altitude with some time delay td and this response is filtered with a low pass filter with cutoff
frequency fc = 20 Hz.

2 Altitude Dynamics

The RoboBee used in these experiments was first presented in [17]. Piezoelectric
actuators drive each of the wings, and the system has been shown to produce lift
and body torques to take off, land, hover and perform aggressive maneuvers [6].
The hovering controller is composed of three sub-controllers – the lateral controller,
the attitude controller, and the altitude controller. In this work, we eliminate the need
for an altitude estimate from Vicon by providing it instead from an onboard sensor
(see Fig. 2).

The altitude controller assumes that the robot is always in the upright orientation
– an assumption that is maintained by the attitude controller. This requires that the
thrust vector is always aligned with the z�axis, along the same axis as the gravita-
tional force. Assuming that the robot maintains an attitude that is nearly upright, the
controller can be designed around a linearization of its dynamics at hover, neglecting
second-order effects arising from perturbations from zero attitude.

An understanding of the vehicle dynamics along the body z�axis is required to
determine the maximum latency (sensor time delay) permissible for altitude control.
The altitude dynamics can be described by a linear, second-order system:

z̈ =
FT

m
�bż�g , (1)

where FT is the thrust force, m is the mass of the robot (m = 110⇥10�6 kg), b is the
damping constant (b = 1.2 s�1 [5]), and g is the gravitational acceleration.

To determine the maximum latency in sensor estimates, we computed the closed
loop poles of the system and determined the maximum settling time. The altitude
controller is a proportional-integral-derivative (PID) controller that reduces error
between a desired setpoint and the measured height of the robot. A feedforward
term in the controller balances the gravitational force, and thus the input is the thrust
force. The sensor latency is modeled using a second-order Padé approximation of
pure time delay, and the raw sensor data is processed with a low-pass filter ( fc =
20 Hz). We simulated multiple time delays in the range td = 0.01 – 0.5 s (see Fig. 3).
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Fig. 4 The system settling
time with respect to sensor
latency. Modeling the closed-
loop system in Fig. 3, we
calculated the closed loop
poles of the system to de-
termine settling time with
various sensor dynamics.
The controller gains at each
trial were computed with the
Ziegler-Nichols method and
the phase margin is fm = 60�
for all trials.
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As we are focused on determining the relationship between sensor latency and
the settling time of the system, we used the Ziegler-Nichols method [2] to determine
the controller gains of the system in order to respond to the changes in latency in a
consistent manner.

Fig. 4 displays the settling time of the system plotted against various time delays
of sensor estimates for the feedback system shown in Fig. 3. As expected, as the time
delay of the sensor increases, the settling time also increases. It is interesting to note
that the rate of increase in settling time decreases with sensor latency, suggesting
that sensor latency will decrease system performance but does not lead to instability
with proper tuning of the controller. With this relationship, we are able to determine
the minimum sensor time delay for maneuvers that require specific settling times
and analyze the tradeoffs between system performance and power and computation
costs. For our current applications, a 2.5 s settling time is adequate and therefore
sensor latency less than 0.5 s is reasonable.

3 Sensor Selection and Integration

The current vehicle has severe restrictions on payload mass and onboard power con-
sumption. While [17] measured lift force sufficient to carry an additional 70 mg pay-
load, the maximum payload carried by the robot during hovering flight was 40 mg,
to allow for additional control authority in [10].

While the vehicle does not currently carry an onboard power supply, minimizing
the power consumed by sensing is a major consideration for future applications.
The vehicle consumes 19 mW of power during flight [16], consistent with similarly
sized insects [8]. We are allotting 10 mW towards sensing and computation, based
on power requirements of current high performance sensors.

In Table 1, we have tabulated a set of candidate sensors that meet the require-
ments listed above – accelerometers, IR ToF, optic flow, pressure, sonar, and IR
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Table 1 Altitude sensors for Centimeter-Scale Flapping-Wing MAVs

Sensors Mass Power Frequency Remarks

Accelerometer [10] 24 mg 1 mW 1 kHz Integration drift (2 m in 1 s)
Time-of-Flight [18] 20 mg 6 mW 50 Hz VCSEL light source requires regulator
Optical Flow [9] 15 mg 15 mW 40 Hz Computationally expensive
Pressure [20] 40 mg 3 mW 125 Hz Insufficient resolution (20 cm)
Sonar [19] 80 mg 10 mW 40 Hz Does not meet mass constraints
IR Range [14] 16 mg 6 mW 10 Hz Dependent on reflective material

range detectors – that are currently available. Our evaluation is as follows: ac-
celerometers lose accuracy over time due to the drift in sensor estimate after inte-
gration; additional velocity or distance sensors would need to be integrated onboard
the vehicle to compensate, increasing the sensor payload of the vehicle. Optic flow
sensors have demonstrated relative altitude control on the RoboBee [9]. Because
these sensors only provide the angular velocity, which depends on both distance and
velocity relative to an object, an additional sensor measuring absolute altitude or lat-
eral velocity would need to be added to eliminate steady-state error [13]. Similarly
scaled vehicles such as the Delfly [7] have demonstrated controlled altitude with
absolute pressure sensors. The small vertical motion available (30 cm) in the flight
arena is smaller than the precision of available pressure sensors which have a res-
olution of approximately 20 cm [20]. Sonar shows promise for altitude estimation,
but does not yet meet the mass requirements for this robot. The IR range detector
measures the amount of reflected light in the receiver. This sensor meets the mass
and power requirements, but has a low feedback rate and is highly dependent on
the material off of which the IR light is reflecting. We also found that the sensor
signal can saturate in the presence of ambient light. The ToF sensor, while needing
an external voltage regulator, has low mass, sufficient bandwidth, and low latency
for altitude control in these experiments.

3.1 Time-of-Flight Sensor

As a first step in altitude control, we consider an IR ToF range detector (VL6180x,
STMicroelectronics). Time-of-Flight sensors compute distance by measuring the
time between the transmission and reception of an IR signal generated by the sensor.
This distinguishes them from the more common IR range detectors that measure the
amount of reflected light in the receiver. This was an important consideration given
that the vehicle’s other degrees of freedom are currently sensed using Vicon motion
capture cameras that emit IR light.
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3.1.1 Integration

To minimize component weight, we made a custom flex circuit using a copper-clad
polyimide film (18 µm copper, 12.7 µm kapton) with a capacitor on the power
line to help regulate the charge close to the sensor (see Fig. 1 inset). Five 51-gauge
copper wires (approximately 0.5 m long) provided power to the sensor and con-
nect the data and clock lines for I2C communication. During operation, the sensor
drew approximately 20 mA of current at regular intervals to pulse the IR VCSEL
(Vertical-Cavity Surface-Emitting Laser) light source [18]. This amount of current
traveling through the wire (approximately 80 W /m) caused the voltage at the sensor
to drop below operating conditions. We connected a fifth wire to the input volt-
age line which served as a feedback line to an off board linear voltage regulator
(NCP3337, ON Semiconductor). This provided a smooth input voltage to the sen-
sor. The weight of the entire structure was 27 mg. We mounted the sensor on the
base of the robot, with the transmitter and receiver directed at the ground (see Fig.
1). This position is close to the center of mass, thus preventing significant moments
about any of the body axes. Because the sensor is light-based, there are no interac-
tions between the robot’s wing beat frequency and the sensor readings.

An ArduinoMega (ATMega256, Atmel Corporation) communicates with the sen-
sor over I2C at approximately 60 Hz and sends the range response to a computer
running xPC Target (Mathworks) through a serial (RS232) connection at 115 kbps.
This communication scheme introduces about 20 ms of latency, 15 ms of which
are dedicated to the sensor’s ranging computation and 5 ms to communication. This
produces a feedback rate of approximately 50 Hz, a tenth of the speed of the Vicon
system that is currently being used to control the vehicle’s altitude, but nominally
sufficient according to the calculations in Sect. 2.

3.1.2 Calibration

We calibrated the sensor measurements by manually adjusting the height of the
sensor while attached to the robot in the flight arena. We tracked the vehicle’s al-
titude using the Vicon system while simultaneously recording the sensor’s output.
We made the decision to calibrate the sensor against the current Vicon estimates, as
this Vicon system has shown sufficient accuracy for altitude control in previous ex-
periments [17] [6]. Fig. 5 displays sensor output (scaled to meters) recorded against
the reference height for a number of these trials. A line of best fit was calculated for
this collection of measurements, ẑ = Az+B, where A = 0.96 and B = 0.030 mm. The
slope of the line indicates that the sensor is accurately reading changes in altitude at
the millimeter scale. The offset compensates for both the sensor’s internal offset (the
sensor is unable to detect distances less than 10 mm), as well as the calibration of
the Vicon system. The estimates also become unreliable close to the surface as well
as above 14 cm, providing an operating range for accurate altitude estimation. The
error in the sensor estimates increases with height at a roughly constant 3% rate.
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Fig. 5 Sensor Calibration. a) Sensor measurements (gray dots) were taken simultaneously with
Vicon measurements (ground truth). A best fit line (teal) was computed: ẑ = 0.96z+ 0.030 mm,
where the offset is primarily due to the internal calibration of the sensor, which cannot detect dis-
tances less than 10 mm, and the calibration of the Vicon arena. b) Sensor measurements (gray dots)
plotted on top of the Vicon measurement (blue line) with respect to time. The sensor measurements
were filtered using a second-order low-pass Butterworth filter, fc = 16 Hz (grey line). This filter
introduced an 80 ms latency between Vicon and the sensor measurement.

Using this linear fit, the sensor measurements were plotted alongside the refer-
ence height over a period of approximately six seconds to characterize any drift the
sensor may exhibit as well as to determine the effect of the latency on the estimated
height. As expected, the estimated measurement aligns with the reference height
over all time without any noticeable drift in the sensor. With this data, we also es-
timate that the sensor measurements have td = 10 ms of latency compared to the
Vicon measurements. This latency increases to approximately td = 80 ms when the
sensor measurements are filtered with a second-order low-pass Butterworth filter
( fc = 16 Hz), dictating a settling time of approximately 2 s, based on the results in
Fig. 4.

4 Flight Experiments

The robot is not equipped with a power source, computational capability, or a full
sensor suite, and is flown inside an controlled flight arena with a volume of approx-
imately 0.3 m ⇥ 0.3 m ⇥ 0.3 m. Six motion capture cameras track the position and
orientation of the robot during flight. The control computation is done on the xPC
Target at a rate of 5 kHz. The xPC Target commands the power signal through a
digital-to-analog converter and high voltage amplifiers. Power is supplied through a
tether of four 54-gauge copper wires.

Flight testing begins with open-loop tuning to determine the torque biases about
pitch and roll of the robot. To tune the robot, we begin by applying no net torque
to the vehicle and observe the trajectory of the vehicle after takeoff. We then apply
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trim values to oppose the observed torques. This process is repeated until the robot’s
takeoff is vertically upright.

For all flights mentioned in this section, the robot is attached to a three-filament
kevlar thread and suspended above the surface to prevent wear on both the wings and
wing hinges during crash landings. These filaments (approximately 30 cm in length)
have negligible mass (0.2 mg) compared to that of the robot with the onboard sensor.
In addition, we found that the filaments produce negligible torques on the robot
during flight. A 10 cm thread cannot support its own weight (20 µg) when extended
horizontally, indicating that the bundle cannot exert more than 0.02 µNm of torque
on the robot – small compared to the 0.35 µNm of torque produced around the pitch
and roll axes during hovering flight.

The altitude controller used during these flight experiments is described in de-
tail in Sect. 2. The hovering flight experiments were done in multiple steps – first
the vehicle was commanded to hover using Vicon estimates for altitude to tune
the controller gains and provide a baseline flight performance for our results. Alti-
tude was then controlled with estimates from the onboard sensor – four flights were
commanded at an altitude of 8 cm to demonstrate repeatability and one flight at an
altitude of 10 cm to test the range of the sensor. The attitude and lateral controllers
used Vicon estimates of position and orientation for all flights. These are the first
demonstrations of controlled altitude with onboard sensing in free flight.

4.1 Vicon Estimates

Once we determined the robot’s torque biases, we had to determine the controller
gains in subsequent closed loop experiments. To first ensure that the robot had suf-
ficient control authority to hover stably about a setpoint, Vicon was used to provide
the estimated altitude measurement. The additional 27 mg at the base of the robot
requires larger thrust forces, and therefore larger flapping amplitudes, to lift off the
ground. The black line in Fig. 6 gives an example altitude trajectory of the vehi-
cle during a hovering flight. The vehicle reaches and maintains the altitude setpoint
during the 6 s flight (RMS error between the trajectory and the setpoint is 7 mm).

4.2 Sensor Estimates

Having determined that the loaded robot has the control authority to stably hover
around a set point, the next step was to determine if the sensor feedback rate was
sufficient to control altitude during free-flight. In these flight experiments, the fil-
tered sensor measurements provided input to the altitude controller, while Vicon
estimates provided the lateral position and orientation of the robot to stabilize the
attitude dynamics during flight. Fig. 6a provides an example of a hovering flight
with feedback from the ToF sensor. The robot takes off and reaches the setpoint in
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Fig. 6 Closed Loop Flight Experiments. a) The robot is commanded to reach the setpoint altitude
of 8cm (red line) with the sensor providing altitude feedback. The sensor measurement (dashed)
and the Vicon reference altitude (solid) are plotted. b) The mean and standard deviation of four
hovering flight experiments with altitude estimation provided by the sensor are plotted (blue). For
reference, the baseline hovering flight with altitude estimation from Vicon is plotted (black).

approximately three seconds. The sensor output tracks the Vicon measurement for
the majority of the flight. The largest difference is the sharp downward peak between
two and three seconds. This error is most likely due to one of the tethers obstruct-
ing the sensor’s view of the ground. Three additional trials were performed at this
desired setpoint. The mean and standard deviation of these flights can be seen in
Fig. 6b alongside the Vicon baseline flight. In these trials, the robot is able to reach
the setpoint and sustain hovering flight with an average RMS error of 13.75 mm
from the setpoint. We then selected a second altitude setpoint to demonstrate the
sensor’s ability to provide accurate feedback at other altitudes (see Fig. 7). A sam-
ple flight sequence is shown in Fig. 8, where the robot reaches the desired setpoint
between 1–2 s and maintains that altitude for the remainder of the flight.
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Fig. 7 Sensor Feedback for
Hovering Flight at 10 cm
altitude. The flight is plotted
in time, with the setpoint
shown in red, sensor data
(dashed line), and the Vicon
data (solid line).
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Fig. 8 Sample Flight Sequence. The robot begins at the start altitude of approximately 3 cm, begins
flying to the desired altitude at 1 s, reaches the setpoint and maintains that altitude for the remainder
of the flight, as demonstrated by the images at 3 s and 5 s.

4.3 Discussion

Closed loop flights with sensor estimates in the feedback loop controlled the alti-
tude of the robot during hovering flight with altitude error of less than 1.5 cm, or
within a half body length of the robot. These experiments also demonstrated that
controlled hovering with sensor estimates in the feedback loop had twice the RMS
error of the flights with Vicon feedback. To investigate this error, we verified the
sensor measurements against the reference height from Vicon (see Fig. 9). The sen-
sor performed as expected across all flights, with less than 5% of the measurements
deviating from the linear trend. Outliers where the sensor measurement was lower
than the expected value can be explained by an occluded view of the ground from the
tether, and areas where the sensor measurement were higher are due to the attitude
of the vehicle moving away from the vertical axis. Practically, the robot does not tilt
away from the vertical axis more than 15�. At an altitude of approximately 10 cm,
this second-order effect will cause deviations in sensor measurement of 4 mm larger
than the true value. In the future, accurate attitude estimation may not be available
and reliance on these estimates for correction may be impractical. However, given
the limited number of outliers, this effect is negligible and the source of error is not
sensor measurement.
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Fig. 9 Sensor Calibration
Verification. The sensor mea-
surements for all flight exper-
iments are plotted against the
Vicon ground truth estimate.
The linear trend with unity
slope held for all flights, with
outliers accounting for less
than 5% of all measurements.
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Previous studies [11] have shown that the power tether can produce large torques

on the robot during flight, making the vehicle more difficult to control during hover.
The addition of a second power tether for sensor communication only increases this
effect. Additional tuning will be necessary to compensate for these effects.

5 Conclusions

Altitude sensing is a necessary component for vision-based navigation. In this
work, we determined a relationship between sensor latency and settling time for
the closed-loop altitude dynamics of this vehicle, elucidating the feedback require-
ments for various altitude maneuvers. With this information, we selected a sensor
that met the mass, power, and latency constraints of the vehicle to perform altitude
estimation in free flight. The closed loop flights with sensor estimates in the feed-
back loop are the first demonstrations of controlled altitude with onboard estimation
for an insect-scale robot in free flight. These flights, coupled with the results from
the calibration experiments, demonstrate that the sensor is able to accurately mea-
sure altitude, but further work is needed in tuning the controller gains to lower the
average error about the desired setpoint.

The low mass of the sensor allows for additional payload, which can be used for
combinations of sensors. Future work into sensory fusion, including the integration
of an IMU to estimate attitude (as demonstrated in [10]) will enable the RoboBee to
perform short hovering flights with only onboard sensory information. Additionally,
autonomous visual navigation can be achieved with the integration of an onboard
optic flow sensor in combination with an attitude estimate from the IMU and an
absolute distance measure from the proximity sensor. These experiments will be the
first demonstrations of sensor autonomy on an at-scale robotic insect. This work has
provided an important step towards this goal.
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This work can also be applied to other MAVs, especially those with stringent
payload, power or computational requirements. Given the short range of this sensor,
this sensor is impractical for altitude control over a large variation in height. How-
ever, a ToF sensor could provide a precise measure of proximity and be combined
with a pressure sensor to provide a coarse altitude estimate. We can envision this
sensor being used for close range object detection or obstacle avoidance.
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