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Biohybrid Behavior-Based Navigation with Obstacle
Avoidance for Cyborg Insect in Complex Environment
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Nima Hirota," Kotaro Yamamoto,' and Keisuke Morishima'

Abstract

Autonomous navigation of cyborg insects in complex environments remains a challenging issue. Cyborg insects,
which combine biological organisms with electronic components, offer a unique approach to tackle such chal-
lenges. This study presents a biohybrid behavior-based navigation (BIOBBN) system that enables cyborg
cockroaches to navigate complex environments autonomously. Two navigation algorithms were developed:
reach-avoid navigation for less complex environments and adaptive reach-avoid navigation for more challenging
scenarios. This algorithm, especially the second one, leveraged the cockroaches’ natural behaviors, such as wall-
following and climbing, to navigate around and over obstacles. Experiments in simulated environments, includ-
ing sand and rock-covered surfaces, demonstrate the effectiveness of the BIOBBN system in enabling cyborg
cockroaches to navigate and reach target locations. The denser second scenario required more time due to
increased obstacle avoidance and natural climbing behavior. Overall performance was promising, highlighting
the potential of biohybrid navigation for autonomous cyborg insects in navigating complex environments.

Keywords: autonomous navigation, biohybrid behavior-based navigation, complex environment, cyborg insects

Introduction

he ability of mobile robots to navigate and avoid

obstacles is crucial, especially in environments that are
unknown and unstructured. Integrating and processing com-
monly used obstacle avoidance sensors such as ultrasonic,
infrared, camera, and Lidar into mobile robots is crucial for
safe, collision-free, and efficient navigation.l’6 Fortunately,
some sensors are easily integrated and attached to mobile
robots without worrying about size, weight, complex

processing algorithms, and power requirements. To address
the challenges of autonomous navigation in unknown envi-
ronments, researchers have developed mobile robots that
leverage their size and payload capacity to accommodate
various sensors and advanced navigation algorithms which
enable the robots to navigate their surroundings autono-
mously.””"" Common navigation controls applied in mobile
robots include reinforcement learning/neural network/deep
learning, fuzzy lo%ic, Ii)otential field method, and behavior-
based navigation.'*'*~13
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Behavior-based navigation (BBN) offers a powerful method
for autonomous navigation in mobile robots, particularly in
unknown environments.'"'®!'” BBN excelled in multi-agent
scenarios where robots needed to reach goals, avoid obstacles,
and maintain formations.'” BBN was inspired by animal behav-
jor that decomposes complex tasks into simpler behaviors.'®!®
These behaviors are then integrated and coordinated to accom-
plish a desired overall objective, such as obstacle avoidance and
goal attainment. The selection or combination of active behav-
ior can be enhanced through additional methods like machine
learning/deep learning or fuzzy logic.'"?°* Rather than fol-
lowing a rigid and intricate navigation/control strategy, the
robot adapts to its environment in real time by utilizing sensory
information and its internal state. BBN can be constrained by
imprecise or incomplete knowledge of system and environmen-
tal factors, as well as difficulties in accurately representing the
environment and robot location due to sensor data errors.'%
However, the approach prioritizes pre-defined reactive behav-
iors, making it computationally less demanding than methods
like vision-based navigation or simultaneous localization and
mapping (SLAM), which can be a constraint for resource-
constrained robots. Consequently, this navigation method is
well-suited for centimeter-scale robots that face constraints in
size, computational resources, and power consumption.

Miniaturizing mobile robots to insect scale (centimeter
scale) and integrating them with various sensors and complex
algorithms poses a significant challenge. Insects innately
possess capabilities for navigating through complex environ-
ments, including mechanisms for natural obstacle detection
and avoidance. Biohybrid or cyborg insect robots leverage
these innate abilities by combining living insects with wire-
less backpack stimulators or biomechanical interface tech-
nologies to control movement.?*=% These cyborg systems
employ the insect’s entire body for locomotion rather than
requiring the development of complex mechatronic compo-
nents, thus eliminating the need to completely artificially
construct the robotic system.*>=® The lightweight wireless
backpacks used to direct cyborg insect navigation consume
minimal power compared to artificial robots, which demand
significantly higher power outputs to c;perate actuators such
as hydraulic, pneumatic, or motors. 33330

Cockroaches and beetles are the most commonly utilized
as ground terrestrial cyborg insects due to their size and ter-
restrial locomotion.?6-30-32.37=44 Cyborg insects could be
steered manually along a predetermined path, enabling them
to avoid simple obstacles.?”*>-47 This was achieved by stim-
ulating their antennae and cerci to control the steering and
forward motion.”” Autonomous navigation incorporating
feedback from a Kinect camera had been applied to control
the cyborg insect to follow a predetermined path using only
steering control in a free obstacle environment.*® Research-
ers successfully developed a navigation system using propor-
tional control to steer the cyborg insects autonomously along
a predetermined path.**-°

Most previous studies in autonomous navigation for
cyborg insects were implemented on flat surfaces without
obstacles.**° Autonomous navigation in an unknown envi-
ronment has been demonstrated by incorporating obstacle
negotiation and onboard human detection.” The navigation
performance was evaluated against obstacles without sharp
corners like low barriers and tall walls of known height. The
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obstacle negotiation was based on its innate locomotion and
natural behaviors. The navigation attempted to retain and coop-
erate with these abilities measured using an inertial measure-
ment unit (IMU) and motion capture. Researchers have
developed a cyborg cockroach for autonomous pipeline navi-
gation.”® Onboard sensors including a camera and IMU were
applied to enable autonomous navigation control in confined
dark pipelines via image processing and orientation sensing.
Straight pipeline navigation was demonstrated successfully,
incorporating wall-following behavior. However, more com-
plex environments including obstacles remained a challenge
for autonomous navigation. Commonly, navigation relied on
external motion tracking to navigate the cyborg autonomously.

Cockroaches possess the innate ability to avoid obstacles
through tactile sensing via their sensitive antennae making
them suitable utilization in search and rescue missions. They
can follow obstacle contours in their environment naturally
(wall-following behavior). However, they often approach and
remain stationary for indefinite periods, especially in the cor-
nered area.”'>* Therefore, to adequately function as cyborg
insects in complicated environments, their natural behavior to
stop for indefinite periods in such areas needs to be addressed.
Moreover, integrating it with the commonly used obstacle-
detection sensors such as ultrasonic, infrared, and lidar sensors
poses a great challenge due to size, weight, and power con-
sumption. Therefore, implementing an onboard obstacle
avoidance system would enable it to navigate around cor-
ners and constrained spaces, avoiding prolonged halts.

Developing autonomous navigation for cyborg insects
including obstacle detection and avoidance has not been
explored by researchers extensively, especially in unknown
and unstructured environments. Applying obstacle detection
with low power consumption, lightweight, and small size is
challenging. Our previous study selected a Time-of-Flight
(ToF) laser-ranging module for obstacle distance measure-
ment due to its lightweight and low power consumption.>>
Cockroaches tend to approach obstacle areas with acute angles
and stay in that area for a certain amount of time. By imple-
menting the simple feedback control based on the onboard
sensors, that is, IMU and ToF sensors, autonomous naviga-
tion in the presence of sharp-angled obstacles has been dem-
onstrated in an unstructured environment with a flat surface.
The cyborg insect avoided the obstacles and escaped from the
sharp corner areas without stopping or becoming trapped.
Although the previous work could navigate the cockroach to
avoid the obstacles and escape the unstructured area, the
goal-based navigation could not be attained because there
was no measurement and feedback on the cockroach’s posi-
tion.> This article overcomes this challenge through the
implementation of a 3D motion capture system.

In this study, onboard sensors (IMU and ToF sensors)
were implemented to measure the cyborg cockroach motion
and obstacle distance. The cyborg position was measured
using an offboard sensor from motion capture. Previous BBN
methods in mobile robots relied on pre-programmed responses
triggered by sensor data. Cyborg insects possess inherent bio-
logical advantages like agile locomotion and obstacle avoid-
ance. To leverage these capabilities, BBN was augmented
with the free-walking motion (FWM) of a cyborg insect
called biohybrid behavior-based navigation (BIOBBN). It
allowed the navigation system to work alongside the insect’s
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natural behaviors, benefiting from both the pre-programmed
responses and the insect’s inherent locomotion. While BBN
relies on a continuously active behavior to constantly issue
commands guiding the robot away from obstacles and toward
its goal, the proposed BIOBBN approach eliminates this need
for persistent behavioral commands driving movement. This
is achieved through BIOBBN’s integration of FWM which
reduces the number of stimulations and harnesses the cyborg
insect’s innate locomotion, allowing it to navigate autono-
mously between the intervals of stimulation commands.

Two sets of BIOBBN navigation algorithms were designed
to address varying obstacle densities. Reach-avoid navigation
was tailored for low-density environments, prioritizing goal-
reaching with minimal obstacle avoidance. In contrast, adaptive
reach-avoid navigation was designed for high-density environ-
ments, incorporating obstacle avoidance and extended obstacle
avoidance/wall-following techniques. Both navigation systems
were tested in complex environments with challenging obstacles
like small rocks and soil grains, deviating from flat surfaces.
Experiments were conducted to measure the impact of this
rough terrain on electrical stimulation input, assessing turning
and forward responses on both flat and sandy/rocky surfaces.
The first navigation system could utilize a bulkier and heavier
electronic backpack, while the second needed a more compact,
lighter one to accommodate its complex terrain navigation. The
results demonstrated successful autonomous navigation, guiding
cockroaches to target areas while avoiding obstacles and pre-
venting entrapment in complex terrain features.

Material and Methods

Cyborg insect

Madagascar hissing cockroaches measuring from 6 to 7 cm
in length were selected for the cyborg insect platform. To anes-
thetize them, carbon dioxide was used to induce anesthesia in
an airtight container for 3 min. This method could put the
cockroach to sleep for around 10 to 15 min, allowing for surgi-
cal implantation of electrodes into sensory organs and thorax.
Silver wires with a diameter of 0.127 mm (A-M systems) were
implanted on both antennae, both cerci, and the thorax using a
methodology as presented in previous studies.””>* Following
the surgical electrode implantation, the cockroaches were put
back into containers for a minimum 24-hour recovery period
before experiments. The utilization of cyborg insects in this
study was approved by the animal experiment committee at
Osaka University (approval number, 2023-5-0).

Wireless backpack stimulator

To address the challenge of cyborg insect autonomous
navigation in unknown and unstructured environments con-
taining complex obstacles and granular small debris/rocks,
two miniature wireless backpacks were developed as sum-
marized in Supplementary Table S1. They incorporated vari-
ous onboard sensors but still maintained a small form factor.
Both backpacks have dimensions of 3 cm in length and 2 cm
in width. A 40 mAh lithium polymer battery was selected to
power the backpack. The battery could power all onboard
sensors and microcontrollers for approximately 19 min (the
thermal image sensor was turned off), providing a suitable
operational duration for the navigation experiments. By

maintaining a small size yet integrating multiple sensing
modalities, the developed backpacks potentially enable the
autonomous navigation capabilities needed in complex envi-
ronments as shown in Figure 1.

Both backpacks utilized an ultra-low-power microcontroller
from Insight SiP to support the computational and wireless
communication requirements within the limited size. ISP1807
32-bit ARM Cortex-MO+ MCU (Insight SiP, France) was
selected as the main computing unit. Communication with the
PC was enabled via an integrated BLE 5.0 module. Environ-
mental monitoring was conducted using the SHT40-AD1B-R2
relative humidity and temperature sensor from Sensirion AG.
ToF laser-ranging module (VL53LOX from STMicroelec-
tronics) was selected due to its compact size and low-power
power consumption (20 mW maximum) to facilitate onboard
obstacle detection. It is capable of measuring distances from
2 cm to 120 cm. Three VL53L0X ToF sensors were placed on
the front, right, and left sides of the wireless backpack to cre-
ate an obstacle-detection system for the cyborg cockroach.

Thermal imaging was provided by the HTPA32x32d infra-
red thermopile from Heimann Sensor. It is attached solely to
the first backpack. It can generate a 32 x 32 pixel temperature
gradient image. Previous studies have demonstrated the
implementation of thermal image sensors for onboard human
detection augmented with machine learning.**->

ICM-20948 9-axis IMU from InvenSense was utilized to
measure the motion of the cyborg insect. It consisted of accel-
erometer, gyroscope, and magnetometer, supplying kinematic
data to enable feedback control and detect the FWM of cyborg
insect. All sensors were integrated into the backpack assembly
using surface-mount printed circuit boards. The wireless back-
pack generated a biphasic 3.3V 50 Hz square wave for elec-
trical stimulations. Three electrodes were implanted in the left
and right antennae and cerci to conduct the biphasic signal. A
single common ground electrode was inserted approximately
3 mm deep near the midline of the thorax. To measure the
cockroach position with offboard motion capture, four 4-mm
retroreflective markers mounted on a 3D-printed linkage were
rigidly attached to the backpack as shown in Figure 2C and F.
Combining onboard sensing with offboard position tracking
enabled autonomous navigation capabilities in complex simu-
lated environments as depicted in Figure 2A and B.

The initial electronic backpack, incorporating a thermal
image sensor and flexible flat cables, was heavier and bulk-
ier, limiting its locomotion performance in complex environ-
ments. Designed for less complex environments, the first
backpack, as shown in Figure 2A, was utilized in an initial
experiment. This experiment highlighted the need for
improvements in both hardware and software components to
enable navigation in more complex scenarios. To address
these limitations, the backpack design was refined, resulting
in a significantly lighter and more compact second iteration,
weighing only 2.9 g compared to the initial 5.66 g. This
reduced weight and size enabled the cyborg insect to navi-
gate more effectively through complex terrain with higher-
density obstacles, as depicted in Figure 2B.

Experimental setup

An offboard motion capture system was employed to pro-
vide accurate position measurement and feedback on the cyborg
insect. Vicon Vantage motion tracking system, consisting of
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Proposed two wireless backpacks for autonomous navigation of cyborg insects in two different complex environ-

ments. (A) First wireless backpack stimulator with three ToF, and 9 Degrees of Freedom (DOF) IMU sensors. (B) First
wireless backpack mounted on the cockroach (C) Cyborg cockroach with 4-mm reflective markers for external localization
with motion capture system. (D) Second wireless backpack stimulator with three ToF, and 9-DOF IMU sensors. (E) The
second wireless backpack is mounted on the cockroach (F) Cyborg cockroach with 4-mm reflective markers attached to the
second backpack. The second backpack, weighing only 2.9 g including battery, is significantly lighter and more compact
than the first backpack (5.66 g). Its reduced size and weight make it better suited for navigating more complex environments
with denser obstacles and more challenging terrain. IMU, inertial measurement unit; ToF, Time-of-Flight.

four Vantage V8 and four Vantage V16 cameras, was used to
measure the cyborg insect’s two-dimensional movements. It
operated continuously during autonomous navigation at a frame
rate of 100 Hz. Position tracking was measured through four 4-
mm retroreflective hemispherical markers attached to the
cyborg’s wireless backpack. Due to physical constraints of
small size and lightweight, the motion capture system was not
suitable for onboard use on the cyborg insect platform. How-
ever, it provided real-time position and heading feedback for
reaching goal behavior navigation and served as ground truth
for evaluating autonomous navigation performance.
Experiments were conducted in two different simulated
scenarios to test and validate the proposed autonomous navi-
gation as seen in Figure 2A and B. Both scenarios employed
complex obstacle courses to test the navigation capabilities of
the insects. The first testbed included three V-shaped
obstacles and a tall vertical obstacle near the goal. The second
scenario featured a more intricate course with four V-shaped
obstacles, longer and taller walls, increased amounts of rocks
and sand, and randomly placed obstacles of varying shapes
and sizes. Navigating this more challenging environment
would demand exceptional agility from the cyborg insects.
Based on the previous study, cockroaches tend to approach
and remain stationary at corner junctions within such
V-shaped obstacles, making it difficult enough for obstacle
negotiation and autonomous navigation.>> Both scenarios uti-
lized a testbed with a surface composed of granular soil and
small rocks to simulate a more challenging environment.

A green circle area with a 7 cm radius represented the
goal/target that must be reached by the cyborg insect. In the
first scenario (Fig. 2A), cockroaches were positioned facing
inward at the corner of the first obstacle, toward the arena’s
goal; in the second scenario (Fig. 2B), cyborg insects were
oriented in the opposite direction of the first scenario, facing
away from their designated destination. Navigation perform-
ance was evaluated based on each cyborg insect’s ability to
autonomously navigate the test arena, avoiding obstacles
while reaching the goal without becoming trapped or stopped.
This experimental testbed setup can be used to test and vali-
date the proposed BIOBBN to resolve complex navigation
challenges in unknown and unstructured environments.

To evaluate the performance and repeatability of the pro-
posed navigation system, seven cyborg cockroaches were
tested in 26 trials (N = 7, n = 26) within the first scenario
(Fig. 2A) utilizing the first backpack. Between trials, each
cockroach was allowed a rest period of 3 to 5 min. The sec-
ond backpack, being lighter and more compact, was utilized
in the second complicated scenario, employing the second
algorithm, which incorporated three behaviors. The naviga-
tion system was evaluated and tested using eight cyborg
insects (N = 8, n = 26). Considering the complexity of the
second scenario, reaching the goal area will be deemed suc-
cessful if the cyborg insect can climb to the top of the obsta-
cle and maintain its position on the top of the goal wall
without descending. The autonomous navigation performance
will be evaluated using four parameters: total stimulation
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FIG. 2. Two experimental test areas were designed to test the autonomous navigation capabilities of cyborg insects. In
the first scenario, testbed (A) featured a granular terrain with coarse and small rocks, simulating a challenging environment
for small-scale, fully artificial mobile robots. Three V-shaped obstacles with small corner angles (60° and 70°) were placed
on the testbed, along with a rectangular obstacle near the goal area. In the second scenario, testbed (B) presented a more
complex and denser obstacle having four V-shaped, and long obstacles, designed to be more difficult and challenging for
the cyborg insects to navigate. Irregularly shaped and sized stones were added to the terrain, and the goal area was enclosed
by obstacles with a 7.5 cm height, except for an entrance gate on the back. The objective for the cyborg insects was to navi-
gate autonomously through these complex, unknown, and unstructured environments. This involved avoiding obstacles,
escaping obstacle corner areas, and successfully reaching the goal area (square area with a green circle) from the starting
point. Small rocks and soil grains ranging from 1 to 19 mm were scattered throughout both scenarios.

time applied to the sensory organs, navigation time, distance
traveled, and final position deviation from the goal circular
area (diameter: 14 cm). Navigation time refers to the time
required for the proposed feedback navigation controller to
guide the cyborg cockroaches around obstacles and to the des-
ignated goal area (xg, yg)/final position from their starting
point. The distance traveled (Df) by cyborg cockroaches under
autonomous navigation can be calculated using Equation (1)
based on the trajectory obtained from the motion capture sys-
tem (xc, yc). The final position deviation is the distance
between the cyborg’s final position and the goal area.

n—1
Dt = Z \/(xcn-H _xcn)z + (¥ent1 —yc,,)2 ()
i=0

Biohybrid behavior-based navigation

Both scenarios (reach-avoid navigation and adaptive reach-
avoid navigation) employed two primary behaviors: reaching
the goal and avoiding obstacles. In the first scenario, with its
less complex terrain, these behaviors were sufficient to guide
the cockroach. However, the second scenario’s increased
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obstacle density and complexity necessitated modifications.
The obstacle avoidance behavior was adapted into two dis-
tinct behaviors: avoiding obstacles and extended obstacle
avoidance/wall-following.

Reaching goal behavior steered the cyborg insect to move
toward the target/goal location where there was no obstacle
near the insect. The feedback control stimulated the antennae
and cerci of the cyborg insect based on the feedback signals
from IMU and motion capture. Avoiding obstacle behavior
and extended avoiding obstacle/wall-following behaviors allow
the cyborg insect to detect and maneuver around any obstacles
when an obstacle is detected in proximity based on the obstacle
distance thresholds. When the obstacle has been avoided, it
will resume the reaching goal behavior. Both scenarios utilized
steering and forward motion control integrated with FWM.

Reaching goal behavior

Onboard sensing was provided by a 9-axis IMU to measure
longitudinal acceleration for motion detection/FWM. Local-
ization feedback was obtained from the Vicon motion tracking
system, which measured the position (xc, yc) and heading (1)
of the cyborg insect using retroreflective markers affixed to its
backpack (Supplementary Fig. S1). To navigate the cyborg
insect toward the goal, the shortest distance (r) was calculated
using its current position data (xc, yc) along with the fixed tar-
get/goal coordinate (xg, yg) as written in Equation (2). The
desired heading angle (i) is calculated using the Cosine rule
as expressed in Equation (3).

)

6+ —6x7
_ 1
Y, = cos ( oo 3)

Y8 —y¢

[xg‘“], =T @

The reaching goal behavior was designed to generate
appropriate steering commands to guide the cyborg insect
toward the goal until its orientation and trajectory gradually
aligned toward the goal coordinates as shown in Figure 3A,
B, and C. To determine the required turning angle, an angu-
lar difference (0y/) between the real-time measured heading
() and the desired heading angle (,) toward the goal can
be calculated using equation (4).

o ==y “)

Cockroaches primarily move in a longitudinal direction
(forward motion). Consequently, only longitudinal accelera-
tion (a,) was measured to detect the cyborg insect’s move-
ment. However, this measured acceleration is subject to
noise, making it challenging to accurately calculate longitu-
dinal velocity (v,). The noisy signal hindered the direct
implementation of a method to distinguish between the cock-
roach’s stationary and walking states.*' To address this
issue, a simple parameter (ad,ﬁcmm) was introduced to detect
FWM, as defined in Equation (5).52 The threshold value
(ad,ﬂfﬁuml) for this parameter was determined experimentally,
coinciding with the moment the cockroach began to move
slowly. A sliding window of 10 data points was used, where
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(ay(i+1)) represents the current longitudinal acceleration and
(a(i) represents the previous longitudinal acceleration
measured from the IMU. The selected values for the first and
second backpacks are summarized in Table 1 and Table 2,
respectively. When the FWM was detected and the cock-
roach heading angle was in the yellow area/cerci zone
(=Y, < 0 < d,), stimulation was not provided to the cock-
roach’s antennae. FWM was incorporated into forward motion
control under reaching goal behavior to reduce the number of
simulations given to the antennae. If the cockroach’s heading
angle was within the yellow zone and FWM was detected, no
stimulation was applied to the left or right antennae. This
behavior was implemented in both scenarios. An angular head-
ing difference threshold (dy/,)of +12 degrees was chosen for
the yellow area. This threshold could minimize heading errors
toward the goal and reduce unnecessary stimulation to the
antennae, preventing repeated unnecessary stimuli.

For steering control, the stimulations provided to the left
antenna (uy;) and right antenna(ugs) under reaching goal
behavior are written in Equations (6) and (7). Stimuli were
given when the cockroach faced in the antennae zone as shown
in Figure 3A. Cerci stimulation under reaching goal behavior
(ucc) was given when the angular difference (0y/) was inside
the cerci zone and the cockroach stopped/FWM was not
detected (tgigsum < Qdigwm,) as written in Equation (8). The
stimulation output commands were converted into a simple
binary format to interface with the cyborg insect’s electrical
stimulation control. An output value of 1 indicated that a stim-
ulation signal was given to the specified sensory organ (left
antenna, right antenna, or cerci). In contrast, an output of 0
meant that no stimulation signal from the navigation output
was given. The inclusion of FWM in the proposed navigation
allowed the cyborg’s natural behaviors to traverse complex ter-
rain without interference from the given electrical stimulation.

9
Adiffsum = 'Z() |ax(i+1) = Ax(i) | 5)
1 (5‘// < = 5¢threshvld)
urc = (6)
0 otherwise
1 (5¢ > 5¢zhreshold)
Upc = (7
0 otherwise

1 (_5lpt < 5‘// < 5‘#1) A (adiﬂsum < adiﬂsum_t)
Ucg =
0 otherwise

®)

Avoiding obstacle behavior

The onboard sensors from the IMU and ToF distance sen-
sors provided feedback to enable obstacle avoidance behav-
ior. For the first scenario, obstacle distance measurements
from the front (dr) and right (dg) of ToF sensors were
applied to detect obstacles and initiate turning motions
for steering control as shown in Figure 3D. The com-
manded stimulation to the right antenna (ugo) under avoiding
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FIG. 3. Biohybrid behavior design for a cyborg insect incorporating FWM. (A) Steering stimulation strategy for
reaching the goal. Forward motion strategy for reaching the goal (B) with cerci stimulation, (C) without cerci stimula-
tion. (D) Steering stimulation strategy for avoiding obstacle. Forward motion strategy for avoiding obstacle (E) with
cerci stimulation. (F) without cerci stimulation. For complex and dense environments in the second scenario (Fig. 2B),
modified steering control was implemented using either right (G) or left antenna stimulation (H). An extended avoiding
obstacle/wall-following behavior i.e., (I) and (J) was incorporated to navigate areas with long walls or obstacles. This
behavior prioritized wall-following when long obstacles were encountered but transitioned to goal-seeking when clear
paths became available. FWM was incorporated without providing electrical stimulation to reduce the number of stim-
uli required and leverage the insect’s natural and agile locomotion during autonomous navigation. FWM, free-walking

motion.
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TABLE 1. CONTROL THRESHOLD PARAMETERS FOR BEHAVIOR-BASED NAVIGATION IN THE FIRST SCENARIO (FI1G. 2A)

Symbols Definitions Values Units

oy, Angular heading difference threshold between the measured heading angle (/) +12 degree
and the calculated desired angle (/)

Adiffsum_t Difference summation of longitudinal acceleration threshold 0.7 cm/s?

dr, Obstacle front side distance threshold 19 cm

dgi First right-side obstacle distance threshold 5.5 cm

drp Second right-side obstacle distance threshold 3 cm

obstacle behavior for turning left to avoid obstacles based on
the front and right distance readings is expressed in Equation
(9). FWM was included in the behavior of avoiding obstacles
to reduce the stimulation given to the cerci (Fig. 3D and E).
For forward motion control, stimulation to the cerci (1co) was
provided when there was no obstacle in front of the cyborg,
and the obstacle was on the right side of the cyborg (Fig. 3F).
Additionally, the measured agigm is less than aggy,, (no
FWM detected) as expressed in Equation (10). This strategy
allowed the cockroach to avoid the obstacle utilizing FWM
with minimum stimulation to the cerci. To avoid the V-shaped
obstacle, which had a length of 15 to 21.5 cm, the first front
distance threshold (df;) was set at 19 cm. The second distance
thresholds were set at lower values as written in Table 1 to pre-
vent collisions with obstacles from the side while maintaining
forward motion.

1 (d[: < dpz) A (dR < thl)
o = ©

0 otherwise

1 (dp >dp) N (dg <dge) N (Qdigsum < Aaiffsum,)
uco =
otherwise

(10)

In the second scenario, due to the highly dense obstacle
environment, the obstacle avoidance behavior was
divided into two modified strategies: avoiding obstacles
and extended obstacle avoidance/wall-following. The
modified obstacle avoidance focused on avoiding all
obstacles through turning motions, as illustrated in
Figure 3G and H. The stimulations applied to the right
and left antennae are defined in Equations (11) and (12).
To navigate the dense obstacle environment in the second
scenario, the distance threshold parameters were lowered.
The specific values for the first distance thresholds are

provided in Table 2, enabling the cockroach to maneuver
around obstacles and enter the designated goal entrance from
either the left or right side.

1 (dp < dFrl) A (dR < thl)

Uro = (1 1)
0 otherwise
1 (dp < dp,l) A (dL < stl)

uo = (12)
0 otherwise

Extended avoiding obstacle behavior/wall-following behavior

Previous research studies have demonstrated that cock-
roaches exhibit a natural wall-following behavior, particu-
larly in confined spaces. This instinct allows them to
navigate complex environments by following walls or the
edges of long and tall obstacles.*'**37 The onboard
IMU and ToF distance sensors provided feedback to enable
wall-following behavior. Obstacle distance measurements
from the front (dr), left (d;), and right (dg) of the ToF sen-
sors were applied to detect surrounding walls and initiate
forward motion when the cyborg stopped as expressed in
Equation (13). The second distance for the left (dy») and
right (dgp) sides was set at 7 cm, taking into account the
spacing between long obstacles and the increased obstacle
density in the second scenario as summarized in Table 2.

L (dp > dpp) N (dg <dga) A (dp <dpo) N (aigsm < Gaiffsum, )
Ucw =
0 otherwise

(13)

The block diagrams illustrating the navigation methods
for the first and second scenarios are presented in Supple-
mentary Figure S2, and Figure 4, respectively. The first

TABLE 2. CONTROL THRESHOLD PARAMETERS FOR BEHAVIOR-BASED NAVIGATION IN THE SECOND SCENARIO (FIG. 2B)

Symbols Definitions Values Units
oy, Angular heading difference threshold between the measured heading angle (/) +12 degree
and the calculated desired angle ()

Adiffsum_t Difference summation of longitudinal acceleration threshold 0.5 cm/s?
drn First obstacle front side distance threshold 7 cm
drp Second obstacle front side distance threshold 10 cm
dgi First right-side obstacle distance threshold 7 cm
drp Second right-side obstacle distance threshold 7.5 cm
din First left-side obstacle distance threshold 7 cm
din Second left-side obstacle distance threshold 7.5 cm
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scenario focuses on reaching the goal and avoiding
obstacles in a sparse obstacle environment, while the sec-
ond scenario incorporates three primary behaviors in dense
obstacles and challenging terrain. The final stimulation
decisions during autonomous navigation to stimulate the
left antenna (ur), right antenna (uR), and cerci (uc) are
written in Equations (14) to (15). A signum function was
applied to process the left antenna, right antenna, and cerci
stimulations, limiting the output values to binary 0 and 1.
The detailed 0 and 1 stimulation signals transmitted from
the navigation algorithm and the wireless backpack are
depicted in Supplementary Figure S3). The pseudocode for
the first (reach-avoid navigation) and second (adaptive
reach-avoid navigation) algorithms is outlined in Supple-
mentary Figures S4 and Figure S5, respectively. Addition-
ally, a detailed explanation of parameter tuning to adjust
threshold parameters for diverse environmental conditions
is provided in Supplementary Data.

e
U, 01010 0]|uo
up | = sign| [1 0 0 0 1 of " (15)
urG
Ue 00100 1[|,,
_uCG_
Results

Stimulation comparison between flat and sandy surfaces

Both navigation methods were tested in an experimental
area containing sand and small rocks, a surface that has not
been extensively explored or studied. To assess the impact
of this rough terrain, experiments were conducted to measure
the turning and forward responses to electrical stimulation
on both flat and sandy/rocky surfaces. The measured
responses are presented in Figure SA and B. As illustrated in
the results, cockroaches demonstrated significantly reduced
responses to antenna and cerci stimulation on rocky and
sandy surfaces compared to flat surfaces. Madagascar Hiss-
ing cockroaches utilize a combination of adhesive pads (aro-
lium) and pretarsal claws to optimize adhesion to various
substrates. While the claws enhance gripping on rough

Uro
u, 001 0 0 "o
ug | = sign 10 0 1 0 UrG (14)
uc 01 0 0 1 URG
ucg
Qdiffsum

Q IMU sensor

Longitudinal acceleration

'y

dFT,th,st A [
v \+ F—= d Uro Uc
Odiffsum_t = - N Uo >
— > >
- ‘ ur
Avoiding obstacle © ) -
u
— ™ Uew : i
- Final
= decision Cyborg insect
Wall-following (steering &
. Ues | forward
2 :
_ U | motion)
(xl Y, 6¢ )goal VN < i
A . B Ure
- /.‘ L ] Lantl
o Reaching goal

(x, y, ¢ )measured | ]
1]@ Motion capture

' . Obstacle distance
dr, d, dLQTOF distance sensors -

Position

<
4

FIG. 4. Block diagram of the BIOBBN control scheme implementing three behaviors for navigating complex terrain.
The system incorporates feedback loops from onboard sensors (IMU and ToF sensors) and offboard sensor data from
the motion capture system. ToF sensors were chosen for their compact size and precise short-range obstacle measure-
ment. The cyborg cockroach’s position was tracked using an external 3D motion capture system. Obstacle distances
from the ToF sensors and longitudinal acceleration from the IMU were input into the obstacle avoidance and extended
obstacle avoidance/wall-following behaviors. Meanwhile, the cyborg insect’s measured position and heading were fed
to the goal-reaching behavior. A simple parameter (dgifsun) Was used to process acceleration data and detect FWM in
real-time. In this second algorithm, three behaviors were implemented as described in Figure 3A, B, C, G, H, I, and J.
BIOBBN, biohybrid behavior-based navigation; IMU, inertial measurement unit.
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FIG. 5. Turning and forward motion of cyborg Insects induced by electrical stimuli. (A) Turning response of cock-
roaches from left antenna stimulation on two different surfaces. (N = 4 cockroaches, n = 100 trials). (B) Forward
motion response of cockroaches from cerci stimulation on two different surfaces. (N = 4 cockroaches, n = 100 trials).
(C) Angular response from repeated left antenna stimuli (N = 4 cockroaches, n = 275 trials). The notation of **** indi-
cates that p-value is less than 1 x 107 based on the r-test. Cockroaches exhibited significantly reduced responses to
antenna and cerci stimulation on rocky and sandy surfaces compared to the flat surface. The reduced responses were
observed due to reduced grip force on rocky and sandy surfaces. Repeated stimulation to the same left antenna demon-
strated a decrease in turning angle magnitude over time/trials, eventually leading to stimulus disregard. The diminished
turning and forward motion on sandy and rocky surfaces, along with the reduced response to the repeated stimulation,
highlight the challenges inherent in autonomously navigating cockroaches in such environment.

surfaces, the arolium activates durm% leg movement to facil-
itate adhesion on smooth surfaces.’ However, increased
surface roughness, such as sand or small rocks, can hinder
the cockroach’s ability to grip, potentially reducing adhesion
and friction. Furthermore, habituation to repeated stimuli
could diminish the magnitude of the turning response until
the cockroach ignores the given stimulation. In this study,
we investigated the reduction in the angular response to
repeated stimuli applied to the left antenna for one second
with a rest/off stimulation period of 3-5 s per trial (n = 4
cockroaches). The results are shown in Figure 5C.

The diminished turning and forward motion on sandy and
rocky surfaces underscore the inherent challenges of autono-
mous cockroach navigation in such environments compared
to flat surfaces. Additionally, habituation, or the reduction of
angular response to repeated stimuli, poses a challenge for turn-
ing motion in autonomous navigation. Therefore, incorporating

FWM into the navigation system could help reduce unneces-
sary repeated stimuli.

Reach-avoid navigation experiment

In the first scenario, a cyborg insect mounted with the first
backpack (Fig. 2C) was placed facing the corner of the first
obstacle. The cyborg could autonomously navigate around
all obstacles and reach the goal area in unknown and
unstructured environments (Supplementary Video S1). The
cyborg’s velocity was computed through numerical differen-
tiation from its position (xc, yc) measured by a motion cap-
ture system. Figure 6 presents the overall stimulations
received by the sensory organs during autonomous naviga-
tion, including measured angles, obstacle distances, velocity,
acceleration, and trajectory measured by onboard IMU, ToF
distance sensors, and offboard motion capture. In this trial,
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FIG. 6. Measured angles, obstacle distance, velocity, and acceleration during autonomous navigation in a complex
environment (N = 1 cyborg cockroach, n =1 trial). (A) Measured angular response, angular rate, angular difference
(w, v, &p), and obstacle distance (df, dg, d;) vs. provided stimulation. (B) Measured velocity (v) and difference
summation acceleration (dgigsum) Vs. provided stimulation. (C) Trajectory result from the initial position to the goal
area measured using motion capture system (Supplementary Video S1). The navigation control activated its obstacle
avoidance behavior when an obstacle came within range. This behavior was shown when the measured angular dif-
ference (o) exceeded a threshold of +12 degrees. Reaching goal behavior steered the cyborg toward the goal when
an obstacle was outside the determined range. The velocity of the cyborg insect was calculated based on the meas-
ured position from motion capture, while the agj.,,, was measured from the IMU sensor. Instead of measured veloc-
ity (v) from the motion capture, measurement from IMU was given to the feedback navigation. IMU, inertial
measurement unit.

the cockroach always responded to the given stimulation,
and no electrode-tissue degradation was found.
The measured cockroach’s heading response (), heading

rate (lp), and heading angular difference (6y/) during auton-
omous navigation are shown in Figure 6A. The right antenna
was stimulated due to two conditions: reaching the goal and
avoiding obstacle behaviors. The left antenna was stimulated
under the reaching goal behavior. When the cockroach was

put in front of the first obstacle, the cockroach was navigated
to turn left by providing electrical stimulation to the right
antenna, as shown with a negative angle of the cockroach’s
heading (). When there was an obstacle in the proximity of
the cyborg cockroach under the threshold value, obstacle
avoidance took over to steer the cockroach to avoid the
obstacles as shown with a higher value of angular difference
angle (0y). Figure 6A shows the front, left, and right
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distances to obstacles as measured by onboard ToF distance
sensors over time during autonomous navigation. It con-
firmed that the autonomous navigation system provided
stimulation to the right antenna as the default steering com-
mand under obstacle avoidance behavior.

Figure 6B shows the velocity (v) and the difference
summation of longitudinal acceleration (agjg.,) over time
as measured by an offboard motion capture system and
onboard IMU. When the velocity was approximately zero
(i.e., when the cockroach had stopped or was not in free-
walking motion), the agjpu, parameter value was small
(< 0.7 cm/s?). This confirms that the Agiffsum Parameter
could be used to detect FWM despite exhibiting error
detection. As shown in the figure, electrical stimulation
was only provided to the cerci when FWM was not
detected, for forward motion control in both obstacle
avoidance and reaching goal behaviors. This control
strategy minimized the number of stimulations applied to
the cerci, as seen in Figure 6B. The cockroach was ini-
tially placed in the starting area and began navigating
using obstacle avoidance. If the cockroach encountered
the obstacle again, it was steered to avoid it. When in
an unobstructed area, the reaching goal behavior guided
the cockroach toward the goal area. This trajectory con-
firmed the system’s ability to navigate the cyborg insect
around obstacles and toward the goal in a complex envi-
ronment with a soil- and rock-covered surface, as shown
in Figure 6C.

The overall results of the autonomous navigation tests in
the first scenario, including highlighted stimulations on the
trajectories, are presented in Figure 7. The results indicated
that most cockroaches successfully navigated to the goal
area in the first scenario, exhibiting minimal distance trav-
eled and small final position deviations (Supplementary
Video S3). The cockroach’s default behavior was to turn left
when encountering obstacles (Fig. 3D and E). This strategy
proved sufficient for the simpler obstacle course in the first
experiment setup. However, a few trials deviated from the
target area. Upon closer examination of cyborg cockroach
with degraded navigation performance, it was observed that
they were ignoring the repeated electrical stimulation pro-
vided to the same left antenna by the feedback navigation
system (Supplementary Video S2). This ignored stimuli was
due to tissue-electrode interface degradation and excessive
repeated stimulation during navigation to reach the goal,
leading to habituation to repeated stimuli and a reduced turn-
ing response. Moreover, the cockroaches had the electrodes
implanted for over five days and attempted to dislodge or
break them. Tissue-electrode interface degradation can be
attributed to factors such as electrode displacement, tissue
reactions to implants, biocompatibility issues, fibrous encap-
sulation, and electrode corrosion, as documented in previous
studies.’*®%%% This degradation could reduce the navigation
performance in the turning motion. While habituation to
repeated stimuli was observed in some trials, all cyborg
cockroaches were able to autonomously navigate around
obstacles and reach the target or near-target area without
becoming trapped or halted in the complex environment.
Due to the bulky design of the first backpack, two of 26 trials
resulted in entanglement at the obstacle’s tip. However, the
cockroaches were able to free themselves using their natural
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FIG. 7. Overall trajectory results for autonomous navi-
gation for cyborg insects in the first experimental area
(Fig. 2A) utilizing the first backpack (N = 7 cockroaches,
n = 26 trials). The black shaded area represents obstacles.
Initially, some cyborg cockroaches exhibited repeated
switching behaviors between obstacle avoidance and
reaching the goal behaviors. Additionally, backpacks
became entangled on the first obstacle’s tip in two trials
out of 26 trials. However, the BIOBBN incorporating
FWM enabled them to escape these situations. Overall, all
cyborg cockroaches navigated all obstacles and escaped
the cornered area, avoiding being trapped or stopped
(Supplementary Video S3). Although a few trials showed
that the cockroach ignored repeated electrical stimulation
on the antenna for steering motion due to habituation/
electrode-tissue interface degradation, overall, the cyborg
insects could be autonomously steered to avoid/escape all
obstacles successfully and reach the target or near the
goal area, with the final position deviations observed in
some cases. BIOBBN, biohybrid behavior-based navigation.

agility and crawling ability, demonstrating their resilience in
escaping such a situation.

Adaptive reach-avoid navigation experiment

In one trial case using the second algorithm where the
cyborg could reach the goal area by climbing the obstacle
surrounding it, the cockroach was placed at a starting posi-
tion facing 180 degrees opposite the goal. The cyborg initi-
ated goal-seeking behavior, steering the cockroach toward
the center of the goal area when no obstacles were detected
and the angular difference (oY) exceeded a 12 degree
threshold. Obstacle avoidance was activated when obstacles
were detected within specified distance thresholds. When no
obstacles were within these thresholds and the angular differ-
ence (o) was within the £12 degree range, the cockroach
navigated freely, as seen from 114 s to 121 s in Supplemen-
tary Figure S6. Upon encountering a tall obstacle wall, the
cyborg executed a left turn to circumvent it. When only the
front sensor detected an obstacle, the cyborg attempted to
climb the wall. After returning to the ground, it reoriented
itself towards the goal. Following the successful navigation
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of the fourth layer obstacle by climbing over it instead of
avoiding it, the cyborg employed a similar strategy to cir-
cumvent the wall surrounding the goal area. The second
algorithm was also implemented to allow the cyborg to
approach a wall when only the front sensor detected an
obstacle. In this trial, the left or right antennae were stimu-
lated to avoid the obstacle and reach the goal area. The stimu-
lation duration was increased during the climbing maneuver,
as illustrated in Supplementary Figure S6. This suggests the
second navigation facilitated the cyborg’s ability to circum-
vent the obstacle by climbing, rather than simply avoiding it.
By modifying the obstacle avoidance rule in the second algo-
rithm and applying a lighter, more compact electronic back-
pack, the natural agile locomotion of the cockroach could be
augmented to navigate complex environments. The agile
locomotions observed in 26 autonomous navigation trials are
summarized in Supplementary Table S2.

In the second scenario, initially, the cyborg insects were
positioned facing away from the goal area. All cyborg cock-
roaches successfully avoided obstacles and corners without
becoming trapped. However, two out of 26 trials resulted in
rollovers that could not be recovered from, preventing fur-
ther navigation. Overall, the cockroaches failed to reach the
goal area in 15.39% of trials due to rollovers or stopping at
obstacles (Supplementary Video S4). Additionally, some
cockroaches exhibited innate behaviors, such as climbing
obstacles instead of avoiding them or stopping near the goal
due to disregarding stimuli, especially in antennal stimuli. In
two out of 26 trials, the cockroaches climbed obstacles and
stopped walking on top of them, ignoring given stimuli.

Despite these challenges, most trials demonstrated success-
ful goal-reaching, either by climbing onto the goal area’s
wall, reaching the designated entrance, stopping on the obsta-
cle goal’s top surface, or stopping with a position deviation.
In 18 out of 26 trials (69.23%), cyborg insects successfully
reached the goal area by climbing onto the wall, reaching the
designated entrance, or stopping on the obstacle goal’s top
surface (Supplementary Videos S5, S6 and S7). The cock-
roaches reached the goal area with a final position deviation
of 15.4% (4 out of 26 trials). Throughout the trials, the cyborg
cockroaches utilized their natural agility and diverse locomo-
tion skills, including climbing, walking on top of obstacles,
traversing irregular terrain, wall-following, and recovering
from rollovers. The results of the autonomous navigation tests
conducted in the complex experimental scenario (Fig. 2B) are
presented in Figure 8, which features the cyborg insect trajec-
tories with highlighted markers indicating instances of given
electrical stimulation applied during navigation.

Discussion

Navigation performance

The obtained performance of both scenarios is depicted
in Figure 9, with the first row representing the first scenario
and the second row representing the second scenario. The
stimulation time applied to the right antenna, left antenna,
and cerci is shown in Figure 9A and E. These figures dem-
onstrate that both proposed algorithms effectively reduce
the number of stimulations time delivered to the cerci, with
an average value of 1.7 s and 2.8 s, respectively. In the sec-
ond scenario, the average stimulation time provided to the

left and right antennae (47.5 and 40.9 s) was notably longer
than in the first scenario (19.5 and 15.2 s for the right and
left antennae). This increase in antenna stimulation in the
second scenario can be attributed to the higher obstacle
density, requiring more frequent stimulation to the anten-
nae to avoid higher obstacle density. The low stimulation
time for the cerci indicates that both feedback systems
optimized the cockroach’s FWM, reducing and minimizing
unnecessary repeated stimulation.

The average navigation time in the first scenario was 77.1
s, with one outlier taking 203.2 s due to tissue-electrode deg-
radation. In contrast, the average navigation time in the sec-
ond scenario was 183 s. This longer duration can be
attributed to the complicated terrain to navigate and cock-
roaches’ tendency to climb obstacles and ignore stimulation
while navigating on obstacle surfaces. When encountering
and touching obstacles, they frequently attempted to climb
them rather than avoid them.

The distance traveled from the starting area to the goal
area by cyborg cockroaches in the first scenario (180 cm X
180 cm) is shown in Figure 9C. The average distance trav-
eled by the cockroaches was 404.7 cm. Among the observed
trials, the cockroach that ignored the electrical stimulation
commands traveled the farthest. The cyborg cockroaches
successfully navigated around obstacles and toward the des-
tination area. However, there were some final position devia-
tions from the goal, as shown in Figure 9D. Out of 26 trials,
61.54% of the cyborg cockroaches successfully navigated to
the designated goal area (radius: 7 cm) without deviating
from their final position. The average final position deviation
for the cockroaches that deviated from the goal area was
3.89 cm or 0.6 the body length. The average distance trav-
eled in the second scenario, which was conducted in a com-
plicated scenario (130 cm x 110 cm), was 302.6 cm, as
depicted in Figure 9H. In 15.39% of total trials, the cock-
roaches failed to reach the goal area due to rollovers or stop-
ping at the top of the obstacle surface. However, most trials
demonstrated successful goal-reaching, either by climbing
onto the goal area’s wall, reaching the designated entrance,
stopping on the obstacle goal’s top surface, or stopping with
a position deviation. In 18 out of 26 trials (69.23%), cyborg
insects successfully reached the goal area by climbing onto
the wall of the goal area, reaching the designated entrance,
or reaching the obstacle goal’s top surface (small final posi-
tion deviation). On average, the final position deviated
5.0 cm (0.77 the body length) from the target location in the
second scenario.

The first navigation algorithm, paired with the bulkier ini-
tial electronic backpack, was designed for less complex envi-
ronments with lower obstacle density. This configuration
allowed for effective navigation using basic obstacle avoid-
ance and goal-reaching behaviors. In contrast, the second nav-
igation algorithm, equipped with a significantly lighter and
more compact backpack, was optimized for navigating com-
plex terrain with higher obstacle density. The reduced weight
and size enabled the cyborg insect to employ more agile loco-
motion strategies, such as climbing and self-righting, to suc-
cessfully traverse these challenging environments.

FWM has been incorporated into the navigation algorithm
as a valuable feature for cyborg insects. A previous study uti-
lized an IMU-based navigation algorithm that heuristically
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FIG. 8. Overall trajectory results for the autonomous navigation for cyborg insects in the first experimental area
(Fig. 2B) utilizing the second backpack (N = 8 cockroaches, n = 26 trials). The black line indicates the trajectory path
for each trial starting from the initial position to the goal area. In the starting position, the cyborg insects were placed
facing away from the goal area. All cyborg cockroaches avoided obstacles and a cornered area, without getting trapped
or stopped. However, two trials out of 26 trials resulted in rollovers that could not be recovered from. Additionally,
some cockroaches exhibited innate behaviors, such as climbing obstacles instead of avoiding them or stopping on the
top surface of the obstacle due to disregarded stimuli. Despite these challenges, several trials demonstrated successful
goal-reaching, either by climbing the goal area’s wall or using the designated entrance. Throughout the trials, the
cyborg cockroaches utilized their natural agility and diverse locomotion skills, including climbing, walking on the top
of obstacles, traversing irregular terrain, wall-following, and recovering from rollovers.

predicted insect situations to guide obstacle avoidance with-
out employing a dedicated obstacle detection sensor.>” The
navigation was applied on flat terrain with low and tall
wall-shaped obstacles, successfully demonstrating autono-
mous navigation around large, irregularly shaped concrete
blocks and small hollow bricks. The cyborg’s natural loco-
motion enabled it to climb a 1.5-cm obstacle and navigate
around irregularly shaped obstacles. However, this algorithm
has not been evaluated in more complex environments with
obstacles featuring sharp corners. A monocular camera’s depth
map was utilized to anticipate obstacles and guide cyborg
insects around them, preventing entrapment in obstacles with
corners.®® A cyborg’s navigation system necessitates an
obstacle avoidance module to detect obstacles and steer clear.
Without the obstacle avoidance system, the cyborg was

unaware of obstacles and attempted to move directly toward
its destination, leading to potential entrapment, particularly in
areas with corners. By incorporating an obstacle avoidance
system, the success rate of the navigation experiment
increased to 73.3% (11 trials out of 15), while some cock-
roaches (26.7%) still became trapped in obstacles with cor-
ners. Further comparison of previous studies on cyborg insect
autonomous navigation incorporating obstacle avoidance is
provided in Supplementary Table S3). While onboard Wi-Fi
camera offers the potential for obstacle detection, they often
require complex image processing algorithms and consume
more power (80260 mA).*”%® The ToF distance sensor pro-
vides accurate distance measurements with lower power con-
sumption (20 mW), making it a more suitable option for
onboard obstacle avoidance applications.”® By strategically
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FIG. 9. Navigation performance for the behavior-based feedback in two different terrains. Stimulation time given to
the antennae and cerci (A) in sparse obstacle terrain and (B) in dense obstacle terrain. Required time for autonomous
navigation, stimulation, and free stimulation time (C) in sparse obstacle terrain and (D) in dense obstacle terrain.
Distance traveled during autonomous navigation (E) in sparse obstacle terrain and (F) in dense obstacle terrain. Final
position deviation from the goal/target area (G) in sparse obstacle terrain and (H) in dense obstacle terrain. The nota-
tion of “ns” indicates that the p-value is not significant based on the z-test. Cyborg insects in dense obstacle terrain
(Fig. 8) received more frequent stimulation, particularly to the antennae, to facilitate obstacle avoidance. The navigation
system minimized unnecessary stimulation to both antennae and cerci during navigation. By reducing the number of
stimulations and incorporating FWM, the early habituation response to the repeated electrical stimulation was miti-
gated, extending the operational time of the cyborg insects and innate locomotion.

positioning three ToF distance sensors on the front, right, and demonstrates its effectiveness. In the first scenario, two out
left sides of the cyborg insect, precise turning directions could — of 26 trials involved brief entanglement of the backpacks on
be achieved. This onboard obstacle avoidance sensor configu- the first obstacle tip, but the cockroaches successfully
ration enabled the cyborg insect to successfully navigate avoided becoming stuck and escaped using their natural
around obstacles with sharp corners (no entrapment in the cor- ~locomotion and crawling ability. In the more challenging

nered areas/V-shaped obstacles), as demonstrated in this study. ~ second scenario, the proposed navigation system effectively
leveraged the cyborg insects’ natural agility and adaptability

to navigate the complex terrain, utilizing a lightweight and
compact backpack stimulator that the insects could easily

While previous studies have not extensively explored and  carry. The insects exhibited various innate behaviors while
utilized the cockroach’s natural agile locomotion for autono-  navigating the complex terrain, as illustrated in Figure 10
mous navigation in complex environments, this study and Supplementary Video S8. In 9 out of 26 trials, the

Agile locomotion during autonomous navigation
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FIG. 10. Innate agile locomotion of cyborg insects during autonomous navigation (Supplementary Video S8). (A)
Wall-following behavior in the long obstacle path. (B) Escaped being stuck at the tip of the obstacle. (C) Climbed
obstacle wall, walk upon the top surface, and then return to the ground level. (D) Climbed the V-shaped obstacle using
its natural climbing abilities instead of avoiding it. (E) Bypassed the designated entrance and climbed over the 7.5 cm
obstacle to reach the goal area. (F) Reoriented itself after experiencing a rollover incident. The proposed navigation
system successfully utilized the cyborg insects’ natural agility and adaptability to navigate complex environments,
employing a lightweight backpack stimulator that the insects could easily carry. The insects exhibited various innate
behaviors, including wall-following, climbing behavior, obstacle avoidance, and obstacle surmounting. Additionally,
the cyborg insects demonstrated resilience by self-righting after rollover, demonstrating their excellent innate capabil-

ities for navigating challenging terrain.

cyborg became entangled by the marker frame at the obsta-
cle tips, but they were able to avoid getting stuck by utilizing
their crawling locomotion ability. The cyborgs also demon-
strated their ability to self-right after rollovers (3 successful
self-righting out of 5 rollovers). Furthermore, they exhibited
climbing behavior, successfully scaling the 7.5 cm goal area
wall and entering the goal area. Additionally, they were
capable of traversing from the ground to the top of obstacles
and then returning to the ground. When encountering long
wall obstacles, the cockroaches employed wall-following
behavior. These innate agile locomotion abilities are crucial
for navigating complex terrain and could be beneficial for
future search and rescue missions. Given the natural com-
plexity of post-disaster areas, augmenting the cyborg insect’s
agile natural locomotion with autonomous navigation is
essential for effective navigation in such environments.

Future study

The cyborg insects still could be navigated to avoid all
obstacles and reach the goal area with final position

deviation without being trapped, although existed ignored
stimuli during navigation. A previous study developed an
algorithm that extends the control time of insect-computer
biohybrid robots from minutes to hours.>' It tuned and
adjusted the stimulus voltage based on the insect’s motion
response, to reduce habituation onset. To prolong the insect’s
turning response, researchers have explored alternating stim-
ulation between the antennae and cerci.?® Additionally, ran-
domizing the timing of stimuli can help maintain angular
responsiveness. Continuously adjusting stimulus intensity
can further prevent habituation. Future research will investi-
gate the use of biphasic signals with varying voltage and
duration to extend operational time and minimize habitua-
tion. In two out of 26 trials, the cyborg insect experienced
unrecoverable rollovers, hindering further navigation. To
address this limitation, a bio-inspired 3D-printed artificial
limb, as proposed in previous research, could potentially
assist the insect with self-righting and locomotion.®’

As the research progresses towards more practical scenar-
ios, the transition to using an offboard sensor like a 3D
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motion capture system will introduce new challenges. Limi-
tations in size and power requirements will need to be care-
fully considered. To address these challenges, integrating
Ultra-Wideband (UWB) technology into the electronic back-
pack offers a promising onboard sensor solution for the
cyborg insect. UWB technology provides localization capa-
bilities, making it well-suited for estimating the cyborg’s
position relative to the environment.”” By combining UWB
with advanced sensor fusion techniques, a feasible solution
can be developed to implement the proposed BIOBBN algo-
rithm in real-world scenarios. This onboard sensor approach
would overcome the constraints associated with an offboard
motion capture system, allowing the cyborg to navigate
autonomously without the need for an external infrastructure.
Addressing these practical considerations and developing a
robust onboard sensing system will be crucial next steps to
translate the laboratory findings into deployable cyborg insect
platforms capable of navigating complex environments.

Conclusions

This study introduces BIOBBN techniques to enable
cyborg cockroaches to autonomously navigate complex
environments. Two navigation algorithms equipped with dif-
ferent electronic backpacks were developed and tested in
both sparse and dense obstacle scenarios. By integrating
free-walking motion with programmed responses, these
algorithms aimed to minimize external stimuli while leverag-
ing the insects’ innate agility.

Onboard sensors and offboard motion capture systems
provided crucial feedback for obstacle avoidance, free-
walking detection, and precise position tracking. Experimen-
tal results demonstrated the effectiveness of the proposed
BIOBBN approach. Cyborg cockroaches successfully navi-
gated around obstacles, climbed over walls, and reached tar-
get areas in both simple and complex environments.

The adaptive navigation algorithm, in particular, show-
cased the ability to harness the insects’ natural agility to
overcome obstacles rather than simply avoiding them. While
the denser obstacle scenario led to longer navigation times
due to increased obstacle avoidance and climbing behaviors,
the overall performance highlights the potential of BIOBBN
for enabling the autonomous navigation of cyborg insects in
unknown, unstructured environments.
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