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Abstract

Biohybrid systems integrate living materials with synthetic devices, exploiting their respective
advantages to solve challenging engineering problems. One challenge of critical importance to
society is detecting and localizing airborne volatile chemicals. Many flying animals depend their
ability to detect and locate the source of aerial chemical plumes for finding mates and food sources.
A robot with comparable capability could reduce human hazard and drastically improve
performance on tasks such as locating disaster survivors, hazardous gas leaks, incipient fires, or
explosives. Three advances are needed before they can rival their biological counterparts: (1) a
chemical sensor with a much faster response time that nevertheless satisfies the size, weight, and
power constraints of flight, (2) a design, sensor suite, and control system that allows it to move
toward the source of a plume fully autonomously while navigating obstacles, and (3) the ability to
detect the plume with high specificity and sensitivity among the assortment of chemicals that
invariably exist in the air. Here we address the first two, introducing a human-safe palm-sized air
vehicle equipped with the odor-sensing antenna of an insect, the first odor-sensing biohybrid robot
system to fly. Using this sensor along with a suite of additional navigational sensors, as well as
passive wind fins, our robot orients upwind and navigates autonomously toward the source of
airborne plumes. Our robot is the first flying biohybrid system to successfully perform odor
localization in a confined space, and it is able to do so while detecting and avoiding obstacles in its
flight path. We show that insect antennae respond more quickly than metal oxide gas sensors,
enabling odor localization at an improved speed over previous flying robots. By using the insect
antennae, we anticipate a feasible path toward improved chemical specificity and sensitivity by

leveraging recent advances in gene editing.

1. Introduction

Enabled by revolutionary advances in genetic
engineering, artificial intelligence, and ubiquitous
computing, there has been an explosion of research
integrating living and synthetic systems. From
robotic prostheses for amputees [1], to implantable
deep brain stimulation chips [2], to reprogrammed
cellular organisms [3], such biohybrid technologies
have yielded breakthroughs in problems at the
intersection of biology and engineering. In addition
to the deployment of devices into living systems,

the complimentary arrangement of integrated
living structures into robotic devices—biohybrid
robotics—is an emerging technology. Examples of
this include utilizing biological cells and tissues as
living actuators in artificial machines [4], or creating
a biohybrid robot from a living system, such as a
jellyfish, by embedding control electronics [5]. In
Biohybrid Robotics, living systems are exploited to
exceed what is possible in strictly man-made systems.

1.1. Odor localization
Robotic odor localization in natural and artificial
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environments is an open challenge of critical impor-
tance in life-saving applications. A robot with appro-
priate chemical sensing capabilities could be used
to locate trapped survivors in a disaster, to search
for leaks of hazardous chemicals in industrial set-
tings, or to locate explosives or chemical warfare
agents in conflict zones. These tasks are well suited to
robots because they pose substantial risk to humans
or canines. In addition, odor localizing robots could
reduce the work of first responders in a disaster by
allowing fewer people to search larger areas for sur-
vivors. Despite ample research interest and moti-
vation for odor localizing robots, the limited odor
sensing performance and stringent size, weight, and
power (SWaP) constraints of small robots have ham-
pered their widespread use for such applications.

In contrast, chemical sensing is a universal capa-
bility of living organisms across all scales and taxa.
Most animals depend on this ability for their survival.
Combined with a suitable search strategy, animals can
use chemosensing to find the source of chemical emis-
sions which may come from potential mates or food
sources [6]. Moreover, flying animals have evolved
sophisticated sensing capabilities and olfactory search
behaviors that allow them to efficiently search in
highly complex 3D environments such as the forest
canopy, which include myriad obstacles and turbulent
flow. For example, male moths can track females over
great distances, detecting female pheromones at con-
centrations far less than parts per trillion [7]. Female
mosquitos use a sense of carbon dioxide to find food
(8], and fruit flies sense ethanol [9].

A distinguishing characteristic of plume tracking
by animals is the use of near-instantaneous infor-
mation present in the plume [6, 10]. Plumes in the
air typically consists of a patchy distribution of fila-
ments containing high chemical concentration inter-
spersed among large areas of low concentration. This
is because convection dominates over diffusion for
transport in atmospheric flow, which is turbulent [6].

1.2. Flying smelling robots

Recent research has strived to approach the remark-
able odor search capability of living systems using
robots. Flying robots are well suited to this task as
they can search for odor sources at various alti-
tudes, avoid difficult terrain, and manage obstacles
without sophisticated ambulatory systems. Impor-
tant advances in plume source localization with fly-
ing robots include a 1 m multi-rotor drone that
follows an outdoor methane plume to its source in
two-dimensional space [11]. This drone used semi-
conductor metal oxide (MOX) sensors, which have
low chemical specificity, a slow rise time and long
recovery period in the presence of high gas concen-
trations [12, 13]. To achieve reliable readings, the
drone must pause at each sampling location for 20 s
for the sensor to stabilize, necessitating a search time
lasting tens of minutes, nearly as long as the drone’s
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battery life. In another recent work, Luo et al [14]
showed that with improved signal processing, an
array of MOX sensors could extract odor informa-
tion from a plume on a short timescale. However,
their signal processing algorithm is computationally
intensive, and requires constant communication to
an offboard computer with a powerful GPU. Burgués
et al [15] has achieved odor localization in a multi-
room space using a calibrated MOX to sense an indoor
chemical source on a palm-sized drone. They were
able to consistently locate odor sources, but their
approach relied an external absolute positioning sys-
tem, a map of the room, and repeated traverses, which
are not typically available in environments of practi-
cal interest. Shigaki et al implement a moth-inspired
strategy on a pocket-sized drone using MOX sensors
[13]. They apply an inverse sensor model in order to
improve the signal from the MOX sensors and are able
to successfully fly toward an alcohol source over a 2 m
distance. Other work on source localization has inves-
tigated different sources such as light which allows a
gradient search unaffected by wind. One example of
this shows that a small drone platform carrying a light
sensor can use a deep reinforcement learning policy
to find the source of a light even in the presence of
obstacles [16]. Hence the state of the art continues to
be challenged by the speed and reliability of suitably
small synthetic chemical sensors and size-constrained
navigation systems.

1.3. Electroantennograms (EAGs) and natural
chemical sensing

Biological odor detectors, such as moth antennae,
outperform state-of-the-art (engineered) portable
chemical sensors in detection speed, sensitivity, and
chemical selectivity. The extreme sensitivity and rapid
response times of natural chemical sensing arises, in
part, from an energy dependent G protein-coupled
amplification system that can convert single molecule
detections into electrical signals in odor-detecting
neurons of the moth antennae [17]. These electri-
cal signals, known as EAG, can be measured using
highly sensitive amplifiers. While moths discriminate
between odors by sensing signals from individual
neurons, EAGs are the combined response of all the
neurons.

Use of EAGs coupled to the antennae of moths has
been previously demonstrated on mobile robots for
chemical plume tracking. Notable examples of biohy-
brid robotic systems using living sensors on ground
robots include a mobile robot in a wind tunnel using
a moth EAG [18], an odor tracking mobile robot
steered based on input from a moths’ ambulation
motions on a sensitive trackball [19], and a ground
robot capable of avoiding collisions by using a fly’s
visual system to perform optic flow estimates [20].
There have also been some systems integrating bio-
logical and bioinspired components on flying systems
such as a drone being steered by an off-board moth on
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a trackball [21] and the development of an algorithm
to improve an EAG signal onboard a tethered 0.5 m
drone [22].

1.4. The ‘Smellicopter’: a biohybrid system

In this work, we introduce the use of an insect’s
chemosensory apparatus on a flying robot dubbed the
‘Smellicopter’. By doing so, we leverage the sophis-
ticated and fast G-protein-mediated chemosensing
capabilities that have evolved in biology to provide
a sensor with a speed that better matches rapid
motions possible with flight. Our EAG-based sys-
tem uses antennae from the hawkmoth M. sexta
for a lightweight (1.5 g) and extremely low-power
(2.7 mW) sensor. We show that it has a much faster
response than MOX sensors, and deploy it on a
small, palm-sized 30 g hovering four-rotor aircraft.
We then equipped this biohybrid system with a sen-
sor suite that allowed it to control its position and
avoid obstacles while moving through confined spaces
fully autonomously. To enable the robot to navigate a
chemical plume, we additionally introduced wind fins
fixed to the robot, which cause it to passively orient
into the wind. This allows for a simple, reactive search
that relies on the robot operating in a coordinate sys-
tem rotated to a wind-oriented reference frame at all
times. In previous work [23], we presented a proof of
concept for this system. Here, we expanded its capa-
bilities to include operation in confined spaces with
obstacles and provide a more detailed analysis of EAG
and robot system performance. We show that our bio-
hybrid robot navigates to the source of an airborne
odor plume in a confined wind tunnel repeatedly over
15 independent trials, and uses laser ranged distance
estimates to avoid obstacles. Our robot uses a bio-
inspired cast-and-surge strategy, without any need for
external position information such as from the global
positioning system (GPS).

The aggregation of these advances represents a
significant advance in robotic plume source localiza-
tion because with them we are able to, for the first
time, quickly and fully autonomously, navigate to a
chemical plume source in an environment including
obstacles as would be encountered in many real-world
applications. Furthermore, we anticipate that our bio-
logical sensor has the potential for designing chemical
specificity using recent advances in genetic engineer-
ing to express chemical-specific chemosensors [24].

2. Design and system architecture

2.1. Structure and control architecture

Our palm-sized air vehicle, the smellicopter
(figure 1(a)), is built from a commercially avail-
able quadcopter, the Crazyflie 2.0 (Bitcraze AB). We
use two additional commercial sensor decks that
have functions critical for autonomy: the flow deck
(Bitcraze AB) which has down-facing optical-flow
and range sensors and the multi-ranger deck (Bitcraze
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AB) which has five-directional range sensing. The
optical-flow sensor provides body-frame velocity
measurements that allow the quadcopter to hover
in-place indoors without GPS or a motion capture
camera system. The laser range sensors provide range
measurements in four directions in the horizontal
plane (forward, back, left, right), allowing the quad-
copter to detect and navigate around obstacles. In
addition to the commercial components, we have
added two custom innovations: our antennal neural
signal amplifier deck (ANSAD) (figure 1(b)) and the
aerodynamic fins. The ANSAD generates an EAG
providing the Smellicopter with odor information.
The aerodynamic fins passively steer the platform
upwind to perform the odor localization algorithm.
The component configuration is shown in figure 1(c).

The Crazyflie, built from extensible open-
hardware, occupies just 85 cm? and weighs only 23 g,
placing it among the smallest autonomous air vehi-
cles on the market and making it ideal for indoor
use. When carrying the additional components, the
Crazyflie can fly for up to 7 min from a single cell
lithium—polymer battery with 250 mAh of capacity.

Our platform communicates over a 1 Mbyte/s
bluetooth radio link, receiving EAG data, range
information, and state information from the
Crazyflie, which is provided to a navigation program
(figure 1(d)). This program then uses the radio to
send velocity commands back to the Crazyflie. Like
Luo et al [14], we used an external computer to
run the simple navigation program. However, our
program has minimal computational requirements
and can be fully implemented within the 32 bit
microcontroller on the Crazyflie. In this work we
use an external computer solely to simplify the
workflow of implementing and testing the navigation
program.

2.2. On-board EAGs and MOX sensors

Antennae serve as critical sensory organs for insects
and other arthropods. In addition to their capac-
ity to sense wind [25] and vibrations [26], anten-
nae most notably provide olfactory information to
the insect to find food and mates [27]. Chemical
sensing follows from a complex cascade of molecu-
lar interactions [17]. Volatile compounds diffuse into
the interior of the antenna where they then bind to
odor-binding proteins. Those complexes then bind
to, and activate, G-protein receptor molecules on the
membranes of chemosensory neurons populating the
interior of the antenna. Once activated, G-protein-
mediated pathways provide a whole cell response that
greatly amplifies the influence of a single odorant
molecule. That amplified response yields, in turn, an
action potential that propagates down the antennal
neuron to the brain of the insect. With thousands of
olfactory neurons in an antenna [28], an EAG repre-
sents their aggregate electrical activity by the voltage
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Figure 1. Anatomy and control architecture of the ‘Smellicopter’. (a) A photo of the Smellicopter in a hand. (b) A closer view of
the antennal signal amplifier deck next to the head of a M. sexta moth. (c) A disassembled view of the Smellicopter. (d) An

drop across the length of the antenna. An EAG there-
fore provides an electrical reading of a neural pro-
cess, much as is done for electromyograms (EMG) or
electroencephalograms (EEG).

The ANSAD circuit, which produces the EAG,
consists of three cascaded filtering and amplifica-
tion stages that are tuned to the responses in anten-
nae from M. sexta, resulting in a low-noise, highly
amplified EAG signal. The ANSAD weighs 1.5 g and
consumes only 2.7 mW, imposing minimal weight
and power requirements on the platform [23]. The
ANSAD circuit board is designed to mount directly
onto the Crazyflie drone platform in the same manner
as the other commercial add-on decks. The antenna
is oriented toward the front of the drone, where the
flow from the rotors will pull air over the antenna.
This downwash is suspected to enhance the signal,
much like how flapping wings can enhance the flow
of air over the antenna of a flying insect, thereby
increasing the amount of air which can be sampled for
odors [29].

Antennae isolated from cold anesthetized M. sexta
moths were connected to the ANSAD via 75 pm
diameter stainless steel electrodes. This preparation
results in an EAG that responds to particular volatile

chemicals rapidly, with a maximum bandwidth of
10 Hz [12], providing the capability to make multi-
ple chemical detections in quick succession. We tested
the EAG sensor by stimulating the antenna with the
custom floral mixture presented in [23], comprised
of compounds present in the flower D. wrightii [30],
a common floral nectar source for M. sexta. This mix-
ture is an attractant for both female and male moths
and is effective in producing EAG responses. These
antennae continued to produce signals for at least 2 h
and up to 4 h. The signal strength, however, contin-
uously declines over this period as has been noted in
other insect species [12]. The lifespan of the severed
antenna is still many times the flight time of a drone
and can be used for multiple successive trials.

We tested the performance of the ANSAD and
compared it to a similarly sized commercial MOX sen-
sor, the MiCS-5524, which consumes approximately
150 mW and is nearly identical to the sensors used in
other odor localization work [13, 14]. We deposited
5 ul of the scent mixture and 10 pl of 50% ethanol on
a 1 cm diameter filter paper placed inside of a dispos-
able pipette. When the pipette is squeezed it expels a
puff of floral and ethanol scented air. The EAG and
MOX sensors were placed adjacent to one another




10P Publishing

Bioinspir. Biomim. 16 (2021) 026002

M J Anderson et al

START

or

smell detected

traveled specified distance
or
obstacle detected in front

END

Smellicopter collides with the front of the wind tunnel.

traveled specified distance

obstacle detected on left

smell detected

surge forward

Figure 2. Flow chart of the cast-and-surge algorithm. The algorithm begins with casting left for a specified distance and then
casting right for that same distance. For each successive cast left and right, the casting envelope distance is increased. If a smell is
detected at any time during this process, the algorithm switches to upwind surging for a specified distance. If another smell is
encountered during a surge, the surge will continue. If the Smellicopter has surged for the specified distance and has not
encountered another smell, it will switch back to the initial casting left stage and reset the casting distance to the starting amount.
Additionally, obstacle avoidance can be added to the strategy. When an obstacle is detected in the direction that the Smellicopter is
currently moving, the Smellicopter will jump to the next state in the algorithm. The cast-and-surge algorithm is for finding and
following a plume. Source detection is another task which is not yet covered. The algorithm is manually terminated before the

increase specified
distance

traveled specified distance
or
obstacle detected on right

smell detected

inside of an OMEGA mini wind tunnel with airspeed
at 2.5 m s~!. The MOX sensor is facing toward to
upwind direction and the EAG sensor is placed in the
upright position same as if it were mounted on the
drone. The pipette is placed perpendicular to the air
flow at the intake of the wind tunnel to ensure that the
antennal response recorded is due to chemical stimu-
lus and not to mechanical stimulus from the puffed
air. The pipette is puffed by hand at various frequen-
cies. Each stimulus results in an obvious spike in the
output signal that decays in a fraction of a second. We
quantified the rise and fall times by computing the
time between 10 percent of the peak value to the time
of the peak value and from the time of the peak value
to 10 percent of the peak value respectively.

2.3. Cast-and-surge localization with passive fins

The Smellicopter implements an olfactory search
using a navigation algorithm that is inspired by
the insect foraging in a single horizontal plane
[11] (see supplemental video) (https://stacks.iop.org/
BB/16/026002/mmedia). Flying odor-tracking insects
will often fly in a crosswind casting pattern, and upon
encountering an odor, the insect will steer into the
wind [27]. This crosswind casting can be in the form
of spiraling/looping [12, 13, 31], zigzagging [13, 31,
32], or simple back-and-forth crosswind movement

with no upwind component [32]. Although insects
perform three-dimensional tracking while following
odor plumes, 3D algorithms have not yet been imple-
mented on flying platforms. Luo [14] does locate a
source in 3D but uses a multi-stage approach which
consists of a separate vertical search algorithm to find
the altitude of a turbulent plume and then switch-
ing to a horizontal only search algorithm to locate
the source. Our implementation (figure 1(d)) uses a
crosswind casting strategy, and it requires that the
Smellicopter is in an environment with relatively con-
sistent wind or airflow. We chose to focus on deploy-
ing a 2D cast-and-surge algorithm (figure 2), which
is similar to the existing casting and surging strate-
gies that have been extensively tested in the literature
mentioned above.

Crosswind casting demands that the system has
wind orientation capabilities. Past efforts to perform
olfactory search using autonomous UAVs have used
numerical methods to actively estimate the wind vec-
tor. Neumann et al [11] used the law of cosines to
compute the wind vector from the wind triangle, but
that approach required an airspeed reference function
that was derived from wind tunnel characterization of
the drone. Luo et al [14] estimated the direction of the
wind by filtering the UAV attitude in response to the
wind, but this method requires that the wind speed
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Comparison of ANSAD vs MOX chemical sensor

ANSAD Signal (V)

at approximately 42 samples per second.

Time (s)

Figure 3. EAGs from a moth antenna and signals from metal oxide sensors. Three trials show the time course of signals recorded
from the ANSAD sensor and the MOX sensor when stimulated with scented air. 5 uul of custom floral scent [23] and 10 pl of 50%
ethanol is deposited on a 1 cm diameter filter paper disk and placed into a disposable pipette. The stimulus is hand puffed
perpendicular to the intake of an OMEGA mini wind tunnel with windspeed at 2.5 m s~ . In (a), the stimulus is delivered once.
In (b) and (c), the stimulus was delivered by hand at approximately 1 and 5 Hz with the aid of a metronome. Data were recorded

imparts an attitude bias that exceeds the uncertainty
of the attitude state estimate.

In contrast, we have used a passive control scheme
to force the Smellicopter to constantly face upwind
by adding thin plastic wind vanes to the rear motor
mounts and by modifying its yaw controller. The yaw
angle controller of the Smellicopter is disabled, and
the gain of the yaw rate controller is reduced, which
allows exogenous torque disturbances to perturb the
Smellicopter’s yaw angle. The wind vanes are oriented
such that when the Smellicopter is not facing upwind,
the force of the wind airflow on the vanes imparts
a yaw torque to rotate it into the wind. This pro-
cess works much like a weathervane. The Smellicopter
holds its translational position using the downward-
looking optic flow sensor. This method works well in
a steady breeze, which could be encountered in sit-
uations such as a mine shaft or in a building with
opposing windows open.

Volatile chemicals are detected by simple thresh-
olding of the EAG signal using the following method.
Prior to the trials, the Smellicopter is manually hov-
ered in and out of the chemical plume and the thresh-
old is manually inputted into the search algorithm.
This is necessary because of small variations between
antennae. If the EAG signal exceeds this threshold
during flight, a surge is triggered. This strategy will
bring the insect or robot increasingly closer to an
odor source with each surge. Moreover, the casting
allows the insect or robot to relocate the plume even
if there is a slight shift in the wind direction or move-
ment of the source; however, the algorithm requires
that the Smellicopter is facing upwind most of the
time.

2.4. Multisensor integration with obstacle
avoidance

The Smellicopter is equipped with a MultiRanger
deck that uses four infrared range sensors that per-
mit obstacle detection and thus allows it to navigate
around obstacles while performing an odor localiza-
tion strategy. The fifth range sensor which gives a
distance measurement to obstacles above the Smelli-
copter is unused. To avoid obstacles, the Smellicopter
takes range measurements in four directions, ten
times per second. When a range measurement in the
direction of the Smellicopter’s current heading falls
below 20 cm, then the Smellicopter will change direc-
tion by advancing to the next state of the cast-and-
surge search behavior.

For the odor localization and obstacle avoidance
trials, we used a source consisting of a 2 cm filter paper
disk with 5 pl of the scent mixture deposited on it. The
trials take place in a wind tunnel 2 m long by 1 m wide
by 1 m tall with a windspeed of approximately 1 ms™".
The source is placed at the front of the wind tunnel,
upwind of the experimental area.

3. Results

3.1. On-board EAGs vs metal oxide sensors

We compared the sensitivity and response of the EAG
produced by our sensor to a commercial MOX sensor
similar to those used in other odor localization stud-
ies [13, 14] (figure 3). Our EAG sensor and a metal
oxide (MiCS-5524) sensor were tested simultaneously
with floral scent and ethanol. Twice as much stimulus
(ethanol) was used for the MOX sensor as was used
for the EAG sensor (floral scent) to produce a visible
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Table 1. EAG vs MOX comparison. Signal rise time is the time from 10% of
peak to peak, signal fall time is the time from peak to 10% of peak.

Peak height ~ Rise time Fall time
EAG Mean 1.425 0.045 0.045
Standard deviation 0.098 0.015 0.007
MOX Mean 0.413 0.104 0.198
Standard deviation 0.095 0.013 0.021

Q
\
\

o
-

(i) asuerstd
s
b

-0.5
(meters)

-10
b =13 pistance

Distance (m)

163

-2.0 =15 -1.0 -05 0.0
Distance (m)

v

Threshold

Distance (m)

Magnitude (V)
gt

¥
I
15 2

WWW\MM( W&wuﬂfww;\w

0 25
Time (s)

with a duration of greater than 30 s.

Figure 4. Odor localization trials. (a) A single trial of the Smellicopter navigating to the source of the odor plume. Wind speed
was estimated to be approximately 1 m s™'. The multicolored line shows the 3D trajectory of the Smellicopter as estimated from
its optic flow-based position estimator. Grey lines show the vertical and horizontal projections of the 3D trajectory and grey
circles show the location of the source relative to each path. The color bar indicates the voltage level of the signal from the ANSAD
as the trial progresses where blue is no odor sensed, light blue is some odor sensed, and green is enough odor sensed to trigger a
surge in the behavior. Places where a surge is triggered are identified with black arrows. The test is performed in a wind tunnel
with the wind direction from right to left. The Smellicopter’s position is estimated from onboard sensors. (b) The EAG signal of
the trial shown in (a). Activity that surpasses the threshold triggers a surge in the search strategy and is marked with a black arrow.
(c) and (d) Additional tests in a top-down view. Upper plots are trials with a duration of less than 30 s and lower plots are trials
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signal from the MOX sensor. A digital filter is applied
to the MOX sensor signal with the same transfer func-
tion as the analog filter in the ANSAD circuit, which
has low and high cutoff frequencies at approximately
2 Hz and 60 Hz respectively.

The EAG signal rise time (time from 10% of peak
to peak) and fall time (time from peak to 10% of
peak) were less than half of that of the MOX sig-
nal (table 1). The EAG signal has a negative compo-
nent due to the filtering circuitry. The sensors were
placed directly adjacent to one another in the wind
tunnel, but due to the size of the sensors, the sep-
aration between the sensing portions was around
1.5 cm. This separation and the patchy nature of air-
borne odor plumes causes the responses from the
sensors vary between stimulations.

3.2. Cast-and-surge localization with passive fins

For our 2D cast-and-surge tests, the Smellicopter took
off to a height of 40 cm and then hovered while the
yaw control was lowered to allow passive upwind ori-
entation using the aerodynamic fins. It then began
left-right crosswind casting with increasing casting

amplitude until a volatile chemical was detected via
the ANSAD, at which time it surged 25 cm upwind
(i.e. forward). In the absence of additional chemical
signals, it resumed crosswind casting. The tests were
manually terminated once it is approximately 10 cm
downwind of the source to avoid the Smellicopter col-
liding with the intake screen of the wind tunnel. The
plots in figure 4 show the Smellicopter’s estimate of
its position as it flies through the wind tunnel. This
estimate is susceptible to drift over time, so each end-
ing distance to the source (table 2) is determined by
measuring the distance shown through an overhead
camera. In 14 out of 15 trials, the Smellicopter ended
within 4 cm of the source in the crosswind direction.
All trials ended within 6 cm of the source in the cross-
wind direction. Distance to the source in the direction
parallel to the wind direction is not recorded since the
trials are stopped before the Smellicopter collides with
the intake screen of the wind tunnel.

3.3. Multisensor integration with obstacle
avoidance
To test the obstacle avoidance capability of our plat-
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Table 2. Summary data for odor localization trials. For 15 trials we monitored the search duration and path length for

the Smellicopter flight in a wind tunnel.

Starting position ~ Starting position  Ending distance to source  Time duration  Length of total path
Trial x (m) y (m) (cm) (s) (m)
1 —1.95 0.07 —4.0 23.91 4.27
2 —1.65 —0.51 5.5 73.14 8.12
3 —1.78 —0.05 2.0 12.40 2.27
4 —2.02 0.31 0.5 79.63 14.27
5 —1.78 —0.27 —1.0 45.78 5.36
6 —1.41 0.02 —0.5 85.32 15.60
7 —1.96 0.27 —2.0 17.95 3.33
8 —1.50 —0.44 1.0 93.12 16.98
9 —1.68 —0.28 0.5 12.44 2.24
10 —1.72 —0.56 -3.0 29.88 5.28
11 —1.64 0.22 —4.0 100.47 11.33
12 —1.68 —0.48 4.0 22.03 3.86
13 —1.59 0.30 0.0 15.90 2.14
14 —1.65 —0.26 —4.0 28.01 3.11
15 —-1.77 0.30 —0.5 11.16 2.07
Mean —1.72 —0.09 —-0.37 43.41 6.68
StDev. 0.17 0.33 2.83 33.07 5.27
a Wind Tunnel
1 Shstacls 7 Wind Direction
/] % 8| odor source
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Figure 5. Obstacle avoidance trials. (a) A diagram of the obstacle avoidance trial environment. The wind speed is set at
approximately 1 m s™' (b) and (c) Individual obstacle avoidance trials. The blue and green line is trajectory, where blue portions
indicate no odor detected, light blue portions indicate increased activity within the EAG signal, and green portions indicate high
activity triggering a surge. Grey diamonds are video estimated locations of obstacles. Orange x’s indicated range measurements
made by the Smellicopter as it is flying past the obstacles. Black circles are source locations estimated by video.

Distance (m)

form, we set up cardboard obstacles inside the wind
tunnel environment outlined in the previous exper-
iments (figure 5(a)). The wind speed was set to
approximately 1 m s~!. As above we used a source
consisting of a 2 cm filter paper disk with 5 ul of cus-
tom scent mixture deposited on it. Trials were man-
ually terminated when the Smellicopter came within
approximately 10 cm of the source in the direction
parallel to the wind direction to prevent collision with
the front of the wind tunnel. The plots in figure 5 show
the Smellicopter’s estimate of its position as it flies
through the wind tunnel. This estimate is susceptible
to drift over time, so the ending positions are deter-
mined by measuring the distance shown through an

overhead camera. The Smellicopter was able to suc-
cessfully localize the source of the odor while avoiding
the obstacles presented. Figure 5(b) and 5(c) show
two successful trials of the Smellicopter performing
odor localization as well as obstacle avoidance. In each
trial, the Smellicopter navigated through the obstacles
and ended within 4 cm of the source in the crosswind
direction.

4. Discussion

This study has drawn on the synergy between the
engineerability of synthetic robotics and the out-
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standing performance of naturally-occurring sensory
systems to create a device that combines the best of
both worlds. Thus, we developed a biohybrid flight
system capable of autonomously localizing a chemi-
cal source via a biologically-inspired plume tracking
behavior. It provides a novel solution to a challenging
technological problem; one with stringent SWaP con-
straints. Interestingly, the development of bio-hybrid
robotic systems has seen dramatic growth over the
last decade, with some systems containing microelec-
tronics embedded into intact living systems [33—-36],
devices that contain sensory structures embedded
onto robotic platforms [18, 20, 37], and even robotic
platforms with integrated cultured muscle cells as
actuators [4]. All these efforts seek to take advan-
tage of the sensor or actuator efficiency of living sys-
tems along with the fabrication advantages of artificial
systems.

While the integration of natural and synthetic sys-
tems presents exciting new horizons for autonomous
aerial vehicles, operating under stringent SWaP con-
straints poses both challenges and opportunities.
Indeed, our motivation to turn to natural sensory
structures was largely motivated by these constraints.
Using the living antennae of moths with electronic
amplifiers to generate EAGs is a weight and power effi-
cient way to acquire chemical information, but anten-
nae have a finite lifetime, thus limiting their long-term
deployment. That said, the battery life of the Crazyflie
is significantly shorter than the longevity of antennae
providing EAGs. Typical flight times are constrained
to be less than about 10 min for the Crazyflie and
our associated additional hardware. In contrast, we
were able to maintain stable EAGs for more than 2 h
and up to 4 h. Additionally, explanted antennae can
be stored on ice for several days prior to deployment
on the Smellicopter, suggesting a viable strategy for
deployment in locations remote from a laboratory.

Insect antennae respond to hundreds of volatiles
[28, 38-40], providing both a challenge and an
opportunity. The insect is able to identify particu-
lar chemicals or mixtures by differentiating between
the neurons, but out current configuration measures
the aggregate electrical activity of the neurons by the
voltage drop across the length of the antenna. Our
current configuration can function well with any
number of volatile cures, but specific responses to a
single odorant is challenging if multiple volatiles are
present in the plume. Emerging CRISPR technolo-
gies, however, may allow gene editing of antennae to
target specific volatiles [24]. Future efforts can focus
on multiple antennae, each designed for a specific
volatile, thus providing detection of more complex
chemical signals.

Other limitations related to SWaP constraints
include our method for collision avoidance. The cur-
rent configuration using four side-facing laser range
sensors is a lightweight solution to avoid collisions,

M J Anderson et al

but works poorly under conditions where the sen-
sor view is tangential to the object or the object is
small enough to fit between the detection beams. This
limitation could be addressed by adding a sweep-
ing yaw motion to the search algorithm, but this
movement is currently challenging due to our pas-
sive upwind orientation. Collision avoidance could
also be improved by adding ultra-miniature camera
systems, but this would require significant processing
for detecting close objects against a visual background
and estimating their distance, an approach that could
easily exceed the available computational or power
resources for small autonomous air vehicles.

Despite these limitations, our biohybrid system
holds promise for many applications in which we
have used other odor localization solutions, notably
the myriad situations in which used dogs have been
used to detect and locate drugs, missing people, or
volatiles from explosives. Moreover, this aerial robotic
system can provide a valuable platform on which we
can experimentally explore the complex 3D inter-
action between aerial propulsion, odor localization
strategies, and airflow in the environment.

Supplemental information

Video of Smellicopter in a wind tunnel with and
without obstacles.
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