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Hovering flight regulation of pigeon
robots in laboratory and field

Zhengyue Zhou," Yezhong Tang,"-? Rongxun Li," Wenbo Wang,'-** and Zhendong Dai'-*

SUMMARY

Compared to traditional bio-mimic robots, animal robots show superior locomotion, energy efficiency,
and adaptability to complex environments but most remained in laboratory stage, needing further
development for practical applications like exploration and inspection. Our pigeon robots validated in
both laboratory and field, tested with an electrical stimulus unit (2-s duration, 0.5 ms pulse width,
80 Hz frequency). In a fixed stimulus procedure, hovering flight was conducted with 8 stimulus units
applied every 2 s after flew over the trigger boundary. In a flexible procedure, stimulus was applied
whenever they deviated from a virtual circle, with pulse width gains of 0.1 ms or 0.2 ms according to
the trajectory angle. These optimized protocols achieved a success hovering rate of 87.5% and circle cur-
vatures of 0.008 m-1-0.024 m-1, largely advancing the practical application of animal robots.

INTRODUCTION

Animal robots are referred to animal-machine hybrid systems with organisms as vectors and advanced as the technological development of
the bio-machine interface to galvanize motion behaviors. Animal intelligence and behavior have evolved over hundreds of millions of years;
their superiority can be used in animal robots to move freely in complex environments.” Therefore, the animal robot has advantages over
traditional robots, such as the massive size of bulk,” heat generation,® algorithm density,” and self-energizing and temporary battery
duty.” As a result of its outstanding advantages, the hybrid system has been developed widely in several species of insects,” teleost,” reptiles,”
mammals,”'® and birds."

Although controls of animal robot navigation in the laboratories have succeeded in several species, such as the flight regulation of beetle
robots,’! multi-scenes behavior adjustment of rat robots based on a visual fusion system,wz and open field guidance of pigeon robots,’ the
behavior regulation out of the laboratory is restricted significantly by technical challenges.”® The existed stimulus generation device (SGD)
lacked of ability to collect animal posture and location information'”; at the stage out of the laboratory, information on integrated posture
and location is impending demands for precise animal robot navigation.”'® In outdoor navigation, human-designed signals often guide loco-
motion behaviors against the voluntary movement of animals, resulting in less robustness in the motion control of animal robots. Thus, it will
be a priority in designing stimulus protocol to reduce the conflict between the animal willingness and command orders emitted by experi-
menters to navigate the animal robots in highly urbanized external environments with complex topography.

This study focused on the adjustments of locomotion behaviors with the pigeons as vectors. In contrast with other animals, ' pigeons have
excellent spatial navigation abilities, thus being able to conduct survey tasks on long distances and large scales with artificial guidance.
Initially, we innovated SGD to enhance performance with high stimulation precision and lessen the energy consumption for elongating nav-
igation. As a medium for harmonizing the external demands with the animal’s internal cognition, the upgraded SGD could record the posture
and location information of the carriers in real-time. Moreover, this device could regulate locomotive behaviors on various experimental
subjects, such as rats or mice, during indoor and outdoor tasks. To promote the practical application of pigeon robots under urban circum-
stances, we designed two behavioral adjustment procedures for hovering motion control.

RESULT

Nuclei for turning behavior regulation
Based on previous researches "'/ ?* the current work tried to control the outdoor flights of pigeon robots by applying electric stimulation in
both nuclei Formatio Reticularis Medialis mesencephalic (FRM)?"?° and Locus Coeruleus (LoC)* " (see Figure STA). FRMin the pigeon is the
homology of mesencephalic locomotion region (MLR)?'**? in the rats, which is a motor neuron pool at the mixture area which receives pro-
jections from the basal ganglia and cortex and projects to the spinal cord.*>*' The FRM was demonstrated to be involved in the navigation

behaviors of the pigeon, such as straightforward locomotion and turning left and right. The LoC has multi-connections to the telencephalon,
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Figure 1. The schematic graph of the stimulus generation device

thalamus, mesencephalon, and spinal cord, and then can modulate the locomotion speeding up and slowing down.?*?"* |t was proposed
to initiate the motions like take-off in pigeons.

During the surgery, we implanted four or more electrodes with 130 pm diameters into specific nuclei, FRM (Ap: 3.45 mm; ML: £1.40 mm)
and LoC (Ap: 1.95 mm; ML: £1.50 mm). The implantation operation of electrodes for stimulation or injection was completed by placing the
pigeon heads on the brain stereotaxis. With an injection of the golden neuro-fluorescence, brain sections with the sites of golden staining
were used to position the pigeon’s FRM and LoC by matching to the standard atlas of the pigeon brain.

Design and test of stimulus generation device

The SGD includes five major components (Figure 1): information acquisition of posture and location, stimulus signal generation, Bluetooth
communication/pre-programmed instruction sets, and power management. (1) The posture and location information was acquiesced by
integrating the Global Position System (GPS) module for the collection of latitude and longitude coordinates and an air pressure sensor
for altitude. All information is stored on the secure digital memory card. (2) The stimulation generation module could output a range of
0~3.3 voltages with a resolution of 0.804mV (STAR Methods) with a 12-bit D\A conversion port as the signal source. (3) The wireless commu-
nication between the host computer and the slave computer was conducted by ATK-BLEO1 Bluetooth serial port module which was inte-
grated into SGD to modify the stimulus signal parameters and validate the pigeon robot’s responses. Of the energy module, the maximum
transmitting power was + 8 DBM, and the transmission distance in the open field reached up to 100 m, satisfying the indoor tests. (4) The
stimulation instruction sets were generated in the field in pre-programmed mode. (5) An amplifier circuit was designed to convert the
0~3.3V voltages into —3.3V=3.3V voltages, and electrostatic discharge (ESD) protection was added to the power socket to filter out static
electricity. The overall size of our SGD was 2.7 X 2.3 X 1.3 cm®, with a total mass of 13.0 g.

To verify the effectiveness and practicability of SGD (see Figures S3A and S3C), we tested indoor the functions of stimulation signal gen-
eration, Bluetooth communication, and power management. The navigation instructions for the pigeon robots were generated on the Blue-
tooth protocol. For instruction set “IBSS, 01, 3.0, 0.5,” here IBSS acted as a check code and when it was detected, the signal was recognized as
a valid instruction. Then, 01 represented the current communication channel sequence number; 3.0 the amplitude of the stimulus signal in
voltage; 0.5 (ms) the pulse width of the signal. To verify whether the device communicates effectively with the host computer and outputs
accurate signals, the mobile phone (Android System) was used as the host computer to send the manual instruction to SGD which, in
turn, outputted stimulating signals to pigeon robots. The results indicated that SGD could output preset commands in a given order, pre-
senting “IBSS, 01, 3.0, 0.5” (see Figure S3D). In addition, the acquisition functions of posture and location information were tested in the
Ming Palace Campus of the Nanjing University of Aeronautics and Astronautics, where SGD was carried manually to move repetitively
from building A12 (Departure) to the East Gate (Terminal). After multiple recordings on the fixed pathway, it resulted that the average
GPS positioning error in the horizontal plane was less than 15 m, and the average error of height resolution was less than 0.2 m (see
Figure S3B).

Determination of stimulation amplitude

It is well known that the stimulus amplitude, pulse width, pulse number, frequency, and other parameters have different effects on the
behavior regulation of the pigeon robot, such as that the locomotion activity could be promoted by elevating the stimulus amplitude.'***
Four electrodes were implanted simultaneously at the midbrain nuclei of the pigeon robot (STAR Methods). To verify whether electrodes
were implanted correctly, awake pigeons were released in the open field and guided by the instruction set. Only if a pigeon could display
corresponding behaviors under the guidance of the instruction set in all implanted sites, this subject would be deemed suitable for further
experiments. Six pigeons, named WO036, R012, Y074, W064, R069, and B074, were finally selected as the robot vectors used in the subsequent
analyses (STAR Methods). The result showed that the threshold of electoral stimulation to induce a response was set at 1.0 V for all implanted
sites in six pigeon robots. The responsive level tended to increase with the increasing amplitude of stimulus electricity at the free and awake
state, showing that the moving behaviors of six pigeon robots could be stably and effectively controlled. Therefore we have established the
optimized amplitudes of voltages with which fidelity responses could be induced under the awake free-moving state for all individuals of the

pigeon robots (Table 1).
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Table 1. The optimum parameters of individual pigeon robots

Amplitude (V) Amplitude (V)

Pigeon Robots Stimulation mode ( Left) ( Right ) Frequency (Hz) Pulse (ms) Duty cycle (%)
WO036 Instruction set 1.2 2.4 80 0.5 50
RO12 Instruction set 2.6 2.3 80 0.5 50
Y074 Instruction set 1.8 2.1 80 0.5 50
WO064 Instruction set 1.5 1.9 80 0.5 50
RO69 Instruction set 2.5 2.9 80 0.5 50
B074 Instruction set 3.0 1.8 80 0.5 50

Optimization of stimulation pulse width (PW)

The stimulus PW is of superiority over electric amplitude in adjusting locomotion smoothly. With optimized PWs, the pigeons could be forced
to move around the target by continuously stimulating signals, released from the given site.”” The same six pigeon robots were involved in this
experimental phase. At the laboratory, pigeon robots were driven to turn successfully counterclockwise and clockwise circles by stimulations
with fixed amplitude and varied PW (0.5 ms, 0.7 ms, and 0.9 ms) and stimulus number (STAR Methods) (Figure 2A). As Figures 2C and 2D
shows, both PWs and stimulus numbers have contributed significantly to the turning success rate. Effects of 0.2 ms PW gain, with PWs
increasing from 0.5 ms to 0.9 ms, could be compensated with the inclement of stimulus numbers and then, resulted in numbers increase
of successful circle turnings (Figures 2B and S4B-S4D). Even so, there is no significant difference in stimulus numbers required to accomplish
a circle turning for each PW among pigeon individuals (Table 2). The regularity of stimulations was very important for outdoor tests because
the individual variations could lead to uncertainty in the behavior adjustment with similar stimulus parameters, showing that the motion be-
haviors of the pigeon robots can be precisely adjusted by PW.

Formation of flight pathways

Since the outdoor locomotion of pigeon robots was controlled by pre-programmed mode, the flight pathway would serve as a standard route
along which the fixed-points for hovering could be selected offline previously (Figure 3A). Fortunately, the pigeon individuals generally flew in
relatively fixed trajectories during their homing. A total 6 pigeons were equipped with our device and released at (Longitude 118.78303, Lati-
tude 31.94400°), 9.2 km from the home cage. Each animal was trained to fly 20 times, 11 flights without and 9 with the device, recording its
routes by acquisition subsystem of posture and location information.

The pathway deviations of the last 6 trials out of 9 training flights with the device were analyzed along the routes by the standard deviation
analysis (STAR Methods). By calculating the Euclidean distance of each pair of two adjacent points on the flight trajectory, the total length of
flight pathways and each trial of each pigeon robot were computed, respectively, and the routes of each individual were projected onto the
local map (Figure 3B). Although there were deviations in the flight pathways between pigeon robots, their respective flights remained gener-
ally in fixed pathways with SD < 1 (Figure 3B; Table 3). The longitude deviations from its average pathway were measured to be less than
55.5 m at the trigger site for all subjects. To build a trigger boundary across the pathways at the given site, lines of 111 m along the longitude
coordinates were drawn based on the six trials (Figure 3B).

Two experimental procedures were designed and implemented in this phase with six pigeon robots which were promoted to perform
smooth hovering within a relative restrict circle location. Procedure 1 (Figure 4A) involved the fixed stimulus paradigm and included three
pigeon robots, W036, R012, and Y074. Procedure 2 with the flexible stimulus paradigm (Figure 4B) was designed based on the results
from procedure 1, in pigeon robots WO064, R069, and B074. The related data were collected with the acquisition subsystem of SGD.

A total of 52 trials were accomplished in three pigeon robots under stimulation procedure 1 (Figures 5A and 5B). The pigeon robots
showed that both turning circle curvatures and hovering success rate reduced with the stimulation interval (Sl) increased when the duration
of stimulation remained unchanged. For all trials, the accomplished circle curvatures ranged from 0.008 m~"t0 0.025 m~", and the achieved
hovering success rates were up to 87.5% (Table 4). One-way ANOVA analyses resulted in significant differences in curvatures of turning circles
among individuals in response to stimulations with varied Sls, from fixed intervals of 2's, 2.4 s, 3 s in procedure 1 to flexible intervals in pro-
cedure 2 (Tables 4 and 5; Figure 5C). For the hovering success rates, the statistical tests showed similar trends as for the circle curvatures
(Figure 5D).

For stimulation procedure 2, a total of 26 trials were included in our statistical tests, and the data were collected as in procedure 1. The
statistical results showed that both turning circle curvatures (p = 0.882) and hovering success rates (p = 0.921) under the same stimulation
procedure were not significantly different among individuals (Table 5).

Consideration of outdoor circumstances, individual differences in response to stimuli with varied parameters might unignorably influence
the robots’ application in practice. In cases of procedure 1, significant differences in two behavioral measures among individuals, i.e., the cir-
cle curvature and hovering success rate, were found with three stimulus intervals compared with the results of procedure 2 (Figures 5E and 5F).
It was noted that the pigeon robots performed the hovering of circle turns with more even curvatures stimulated by procedure 2. Although the
hovering success rate by procedure 2 was less than that by procedure 1, individuals showed their success rates more consistently (Figure 5G).
Conclusively, our results favored a fixed stimulus duration with flexible stimulus intervals in outdoor practice.
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Figure 2. The laboratory test of stimulus PWs and numbers

(A) The real test scene of the open field (counterclockwise and clockwise).

(B) The quantitative comparisons by ANOVA showing relationships between PWs and the number of stimuli in inducing turning behavior.
(C) The schematic diagram for PWs, gain, and amplitude.
D)

D)The plot of the success rates against the number of stimuli.

DISCUSSION
Animal robots and behavioral regulation

Animal vectors can execute specific tasks in dangerous environments inaccessible to humans by their locomotion abilities gained from bio-
logical evolution. With the benefits of the sensory system, flight performance and power utilization, animal robots can accomplish varied tasks
more efficiently than traditional robots.” Currently, the behavioral regulations of animal robots are generally accomplished by (A) modifying
the upper motor neurons in the brainstem or the cord spines related to Central Pattern Generator (CPG)'’; (B) specifically activating somato-
sensory perception””; (C) using emotional feed backs'? which improves the effectiveness of guidance.® Various categories of animal robots
using SGD technology have been developed, including insects, sharks, geckos, pigeons, rats, etc.””* Among these, pigeons have particular
advantages under the above three paradigms to navigate their flights. Pigeon robots are predominantly characterized by their extensive life-
span, docile temperament, high intelligence, and tenacious vitality, in addition to their extraordinary spatial navigation and long-distance
soaring capabilities.’®*? In the future, with the development of behavioral regulation methods and devices, large-scale scene exploration
can be carried out by loading sensors on the pigeon’s body, which will significantly contribute to the research of animal robots.*

In designing the guidance methods for pigeons in this study, several considerations were taken into account. Currently, techniques for
manipulating specific neural nuclei to induce target animal behaviors include electric stimulation for turning behavior, optogenetics for
changing posture such as body elongation or grooming, and chemogenetics for shifting normal social behavior Among these methods,

Table 2. The fixation pathway of individual pigeon robots

Pigeon Robots WO036 R0O12 Y074 WO064 R069 B074 Mean

PW 0.5 Stimulus times 2.2 2.4 2.3 2.1 2.4 2.6 2.333
p>0.05s 0.9524 0.9982 0.9997 0.6067 0.9987 0.4558 -

PW 0.7 Stimulus times 1.9 2.2 1.7 1.8 2.1 1.9 1.933
p>005s 0.9998 0.7636 0.8550 0.9895 0.9668 0.9998 -

PW 0.9 Stimulus times 1.4 1.2 1.4 1.2 1.1 1.5 1.3
p>0.05s 0.495 0.358 0.958 0.358 0.8406 0.8406 -
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Figure 3. Fixed flight pathways of pigeon robots after training

(A) A typical pathway from the released site to the campus, the violet circle indicating the area for hovering.

(B) The drawing pathways of individuals based on GPS data, the violet lines indicating the average pathways of six flight trials and red bars showing the trigger
boundary sites and width.

electric stimulation is a long-standing traditional approach, fast but somewhat imprecise. In designing the guidance methods for pigeons in
this study, several considerations were taken into account. Currently, techniques for manipulating specific neural nuclei to induce the mamma-
lian behaviors include electric stimulation for turning behavior, optogenetics for changing posture such as body elongation or grooming, ™
and chemogenetics for shifting normal social behavior.”'** Among these methods, electric stimulation is a long-standing traditional
approach, fast but somewhat imprecise. These technologies have been successful in the telencephalon in avian studies, yielding many pos-
itive results related to visual and auditory functions, as well as social and cognitive processes.”” Although we failed in express of AAV in the
pigeon mesencephalon, this virus can work as the optogenetic tool in the telencephalon of pigeons,** telencephalon and diencephalon of
zebra finches.*>*¢ respectively. It seems in birds that expressions of the viruses and small inert molecules have species- and brain region-spe-

cific which did not happen in mammals.

Table 3. Standard deviation coefficient of flight pathway for individual pigeon robot

Pigeon robots

Flights (km) WO036 RO12 Y074 WO064 R069 B074
Trial 1 9.607 9.771 9.485 11.189 9.631 9.517
Trial2 9.648 9.360 9.206 9.718 10.584 9.850
Trial3 9.958 9.576 9.431 9.295 10.301 11.330
Trial4 9.811 9.283 9.120 11.728 10.301 10.236
Trial5 9.407 9.196 11.879 10.115 11.540 11.505
Trial6 10.484 10.442 9.918 10.507 11.048 11.346
Average 9.819 9.605 9.840 10.425 10.568 10.631
SD. 0.343 0.420 0.946 0.832 0.604 0.792
P 0.600 0.600 0.463 0.917 0.916 0.917
coefficient of standard deviation 3.493% 4.376% 9.618% 7.985% 5.724% 7.459%
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Figure 4. Schematic diagram of the hovering flights in outdoor experiments

(A) The fixed simulation paradigm and potential flight responses of subjects.

(B) The flexible stimulation paradigm. Here, 6 indicates the angle between the normal vector (long black arrow, P) and the head orientation (short blue arrow, @)
of the subject: (1) cos(f) <0, indicating flight trajectory toward the circle; (2) cos(f) >0 and sin() >0, indicating flight trajectory strongly deviates from the circle;
(3) cos(8) >0 and sin(8) <0, indicating flight trajectory weak deviates from the circle.

For pigeon robots undergoing optogenetics navigation, for example, it needs 2 or 3 weeks to transduce the virus with its functional activity
only maintaining for 3 months,"** based on some of our previous work. Moreover, the temporal accuracy of chemogenetic stimulation for
behavior regulations is relatively low, often taking hours, whereas the time resolution required for navigating hovering behavior in the field is
often within seconds®**** Additionally, optogenetics requires the use of high-power LEDs with fixed wavelength filters, which can be costly.
During our field navigation experiments, the SGD acted as a consumable material, often becoming lost along with the pigeon. This could
involve either losing the entire device but having the pigeon return, losing parts of the component, or the device being entirely broken. There-
fore, considering the field navigation circumstance electrical stimulation is superior to others. In order to mitigate the widespread effects of
electric stimulation and promote more precise results, in this work, we used an instruction set to customize the condition of individual pigeons
and adapted by increasing the stimulation pulse width rather than elevating the stimulation amplitude to enhance navigation performance.
Despite being considered an outdated method, electrical stimulation remains the most suitable and economical way to navigate pigeons in
the field.

Moreover, the nucleus and network of brains are likely evolutionarily homologous between birds and mammals.”” Anatomical struc-
tures of the central neural system can be roughly mapped to corresponding behaviors by using lesions, electrical stimulation, and ge-
netic engineering. Accurately adjusted behaviors can be achieved largely by using different parameters of neuronal signals delivered to
the related nuclei and networks. However, it is difficult for free-flying subjects to find causal relationships between behavioral patterns

6 iScience 27, 110927, October 18, 2024
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Figure 5. The hovering performance of pigeon robots driven by two stimulation procedures
(A) Overlapped drawings of individual hovering tracks.
(B) The same data presented individually.
(C and D) Pair comparisons of the circle curvatures and success rates in response to stimulus intervals of fixed 2's, 2.4 s, 35, and flexible interval (Fl), respectively.
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E and F) Individual variations in the circle curvatures and success rates in response to three fixed stimulus intervals.
G) Less individual variations in the circle curvatures (left) and the success rates (right) under flexible stimulus intervals.

and/or degrees and the specific neuronal signals, because the quantitative measure of behavioral response to precise stimulus was con-
ducted mostly in sedative animals under electromagnetic shielding. Alternatively, the artificial stimulation with different parameters or
parameter sets of adjustable voltage, pulse width, duty cycle, and frequency were applied in discovering relationships between neural
signals and corresponding pigeon flights in this work, providing a feasible approach to illuminate the identity of neural signals and spe-
cific motion behavior." By using these adjustable artificial parameters, correlations between specific coefficients in the instruction set
and specific behaviors could be established, indirectly decoding the transmission of motion information from upper to lower motor

neurons.
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Table 4. Effects of stimulus intervals (Sls) on circle curvature and success rate for procedure 1

Procedure 1 Stimulus interval Sample Average P
Circle curvature (m™") 2.0s 16 0.025 <0.001
2.4s 16 0.015
3.0s 20 0.009
- Total 52 0.016 -
Success rate (%) 2.0s 16 87.5 0.021 < 0.05
2.4s 16 75.0
3.0s 20 43.8
- Total 52 68.8 -

Upgraded devices for pigeon hovering control

Unlike other animal robots, SGD carried by the pigeon robot has been designed to collect three-dimensional posture and location
information and adjust various moving behaviors.**?” The previous version of SGD we made could only measure the coordinates of latitude
and longitude, which could not satisfy the demand for free flying in three dimensions. Therefore, SGD was upgraded by adding one barom-
eter module to acquire height signals for calculating the altitude coordinate.*” In addition, we optimized energy consumption to allow a long-
term operation with the existing small battery volume in a compact size, involved in the energy-efficient core and peripheral components.
Under the 400 mAh power condition, the older version of the SGD only worked for 3 h, while the upgraded version extended the duration
to 6 h. In this work, we adapted the digital-to-analog converter (DAC) in the SGD to generate voltage from 0.01 V to 3.30 V. The older version
of the SGD used only the pulse-width modulation (PWM) function to generate electric stimuli. With the upgraded SGD, we can adjust the
stimulation voltage to accommodate individual pigeons by simply compiling the program, rather than changing the components in the
circuit.

Moreover, previous SGDs mainly have two modes of information process: wireless remote transmission and per-programmed SD card."
With wireless transmission technology, the postures and locations of the pigeon were processed online in real-time. Nevertheless, the device
demands a series of communication base stations along the pathway because the transportation range of radio signals is relatively limited at a
restricted location. In addition, the fast-moving of the pigeon robots can result in data sampling loss.'® Alternatively, the pre-programmed
mode solves the aforementioned problems.'® This paradigm’s disadvantage is the inability to intervene online during the flight guidance pro-
cess. Given the above issues, this study designed a micro-SGD with a pre-programmed module to collect, record and process the posture and
location information of the pigeon robots in outdoor flight in real-time. With this upgraded SGD, pigeon robots were forced to hover within a
given circle at the preset site could be efficiently completed under the control of procedure 2 which needs processed information on the
posture and location on time.

Compared with previous devices,'” our SGD has advantages in five features. (1) Switching stimulation could evoked automatically by the
angle degree of the head orientation (STAR Methods) of the pigeon with the normal vector of the circle during the hovering. (2) Three-dimen-
sional space was used to guide the flight. (3) Energy-efficient components extended significantly the operation duration. (4) An adjustable
instruction set could customize individual pigeon robots. (5) Outdoor flights of pigeon robots could be adjusted to perform turning circles
at the preset site.

Limitations of the study

All robots displayed behavioral similarities to each other while variations in response to different stimulation paradigms existed among in-
dividuals and trials, which provided a chance to analyze the relationship between the curvatures of the pigeon robot flight and turning success

Table 5. Individual difference in circle curvatures and success rates for procedure 2

Procedure 2 Pigeon robot Sample Average P

Circle curvature (m~") W064 9 0.007 0.882 > 0.05
RO69 9 0.009
B074 8 0.008
total 26 0.008 -

Success rate (%) W064 9 60.0 0.921 > 0.05
RO69 9 66.7
B074 8 50.0
total 26 59.8 -
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rates.'”'? The smaller the curvature hovered, the lower the success rate achieved. It is most likely that completing a small rotation would
require a strong effort to overcome the inertia force created by turning. The same situation could be often observed in animals running
on the ground.

The Sl of 3s in procedure 1 could result in the same behavioral performances as procedure 2 did, much stable between individual pigeons
than those with Sls of 2 s and 2.4 s. The animal vectors could benefit from the flexible stimulation pattern since the total stimulus dose was
probably less than procedure 1. The less dose of stimulation the nerve system received, the weaker the brain trauma the animal sacrificed.
Furthermore, procedure 1 could lead subjects to reduce the turning radius, gradually producing small-scale hovering. And procedure 2
prompts subjects to hover at a predetermined location. However, after having experienced a long Sl in procedure 2, the possibility of accom-
plishing a full turning circle generally decreased. That meant the pigeon robots adjusted their flight postures spontaneously and flew toward
the loft during the elongated Sl period.

Unlike the laboratory stage, the flight behaviors of the pigeon robots in urban were more complex and difficult. For instance, the residential
pattern, high-rised construction, and the avian flock in the flying route might contribute to the trajectory deviation of the pigeon robot. There-
fore, it was difficult in outdoor controlled navigation to create the relationship between parameters and corresponding behaviors. For pur-
poses of data reliability, repeatability, and fidelity, we focused on adjusting pigeon robots’ fixed-point turning in the clockwise direction.
Furthermore, to generalize our procedures, we successfully conducted three counterclockwise turnings for evidence that the pigeon robots
were able to turn both directions (see Figure S6). Therefore, the methods employed in this research not only fix the pathway for the pigeon to
avoid external influences but also use fixed and flexible procedures to mitigate individual differences in results. These methods served as a
reference for other researchers seeking to navigate animals in the field.

Conclusion

The conclusions of this work involved six phases: (1) Selection of pigeon brain nuclei and histological verification; (2) construction and fabri-
cation of an energy-efficiency device with space-time coordinates; (3) validation of locomotion control of pigeon robots in laboratory condi-
tions; (4) creation of outdoor flight routes for each pigeon robot; (5) control of fixed-point hovering at preset sites under two procedures; (6)
Establishment of relationships between stimulation parameters and circle curvature/hovering success rate. Based on the above mentioned,
this research highlights several key points. First, the upgraded energy-efficient SGD extends operational hours, providing more opportunities
to gather data in each trial. This work facilitated us to comprehensively understand the entire scene of stimuli guidance and hovering trajec-
tory. Furthermore, the stimulus module of pulse width gain demonstrates effectiveness in both laboratory and field for turning navigation.
Two procedures revealed the pros and cons of balancing individual differences and achieved a higher success rate. The results of this study
could be valuable for future research on controlling the outdoor navigation of animal robots and could open new avenues for the develop-
ment of animal robots.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Experimental animals

This study selected adult male and female pigeons with weights 350g-450g as vectors for constructing the animal robots. All efforts were
made to minimize animal suffering, such as that the surgical procedures were performed under general anesthesia (0.00135 mL/g). Our works
were approved by the Jiangsu Association for Laboratory Animal Science (Jiangsu, China).

The pigeons were housed in a dovecote with a natural light-dark cycle, and their navigational behaviors were presented during the mild-
ness and calm light phase. All pigeons received sufficient water and cereal to support their daily lives. Each pigeon was implanted with the
electrodes, and housed in a single cage. Pigeons were allowed to conduct a maximum of once trail a day or participate in behavior verification
for up to 30 min per day.

METHOD DETAILS

Stereotaxic surgery for implantation and injection

All surgical procedures were performed under aseptic conditions. Pigeons were anesthetized using pentobarbital sodium (0.00135 mL/g) and
placed in a stereotaxic apparatus. Electrode implantation was performed in the midbrain, with two electrodes implanted in symmetrical FRM
and the others in symmetrical LoC. During the surgical procedures, our aim was to implant four 130pm diameter electrodes into specific
nuclei. First, the borehole and fixed two medical nickel-metal self-tapping screws was made to stabilize the electrodes interface. Then, an
irregular pattern on the skull was made with a cranial drill to facilitate later fixation with dental cement. Thereafter, the holes in the skull
were drilled according to the implantation site’s, while the drilling diameter at approximately 0.3 mm to reduce additional injury. Finally, under
the guidance of the three-dimensional stereotactic locator, we implanted the electrodes at a slow, constantly speed. After completing the
operation, we sewed the wound area and applied triple antibiotic ointment evenly around the wound for healing. Besides, fluoresce-gold
(FG) concentration at 4% was dissolved in 0.9% salt water and injected into the midbrain at the same sites as the electrode implantation
to verify. After the general anesthesia took effect, holes same as electrode implantation were drilled on the skull. Then, the glass electrode
(inner diameter 0.54 mm, outer diameter 1.14 mm, without inner core) was slowly and constantly implanted into FRM and LoC, and TuL FG was
injected. The Vet-bond Tissue Adhesive was adapted to occlude the hole in the skull. Then, the wound area was sewed and healing. After ten
days for expression, the pigeons were sacrificed for certification.

Histology

The fluoresce-gold (FG) was adopted to verify the electrode canal location. Ten days after the FG injection, animals were first perfused with
phosphate buffer saline (PBS) and then fixed using a 4% paraformaldehyde (PFA) solution. The brains were harvested and placed in PFA (4%)
for 8 h, soaked in 30% sucrose solution for 48 h, then sectioning 50-um slices in the coronal plane using a freezing microtome (Leica CM1950,
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Germany). Sections were examined under a research-grade whole slide scanning system (Olympus VS200, Japan) to verify the fluorescent
markers (Dil fluorescence) of electrode placement within the FRM and LoC (see Figure S2). The stability and reliability of this work on the
behavior and posture regulation of the pigeon robot were confirmed histologically (see Table S1).

Valid candidate for pigeon robots

After the pigeon has recovered from the electrode implantation surgical operation, we employed two criteria to assess whether the individual
pigeon could be utilized in subsequent analyses (see Figures S1B and S1C). 1) All implanted sites were capable of inducing the desired behav-
ioral response under a threshold of electrical stimulation set at 1.0V, along with a duty cycle of 50%, pulse width of 0.5 ms, and frequency of
80 Hz. 2) The pigeon was able to perform a round with a fixed point in the open field using the instructed pulse width (0.5 ms), frequency
(80 Hz), and ensuring that the stimulation amplitude did not exceed 3.0 V. The purpose of these two criteria is 2-fold: to select individual pi-
geons capable of effectiveness under the instruction sets’ guidance and to test the optimized stimulation amplitude for sequential guidance.

Preparation process for flight

Our dovecote was located at the Ming Palace Campus of Nanjing University of Aeronautics and Astronautics. The pigeons were taken out
from the dovecote at the Ming Palace Campus and transported by shuttle bus to the Jiangjun Road Campus, where they were released, every
calm and mild morning (between 7:10 a.m. and 8:00 a.m.). Before releasing, the GPS coordinates and relative altitude coordinates were cali-
brated using the SGD and placed in a backpack on the pigeon’s dorsal. Then, in the afternoon (at 5:00 p.m.), the SGDs were retrieved from the
pigeon'’s backpack in the dovecote.

Pathway fixation

The new trainee pigeons were paired with experienced homing pigeons to learn and fix the homing pathway. Each new recruit was paired with
an experienced pigeon and released together. If the new pigeon did not return with the experienced pigeon, it would be eliminated (consid-
ered lost or returned on its own in the following days, within the first 3 trials). Each trainee pigeon underwent 20 training flights, with 14 flights
accompanied by experienced pigeons. Additionally, the trajectories of the 6 flights that the trainee pigeons completed on their own were
recorded and analyzed.

Navigation in open field

All indoor behavior-control experiments were conducted in an open field (1.26 m x 1.26 m x 0.45 m) fenced in the laboratory. The field was
divided into four rectangular sections to label the pigeons’ locations, with a square at a corner set as the fixed start site (see Figure S4A). A
block was placed at the center of the field to prevent pigeons from taking shortcuts during navigation. To avoid external distractions for the
pigeons in the laboratory, the open field was illuminated by natural white (4500K-5500K) LEDs and covered with one-way light transmission
film (see Figure S4A).

For the verification of electrode implantation, pigeons were placed at the center of the open field in an awake, free-moving state after
recovering from surgery. After a 15-min accommodation period, the pigeons underwent electrical stimulation with an instruction set of 1.0
V, 1 s duration, 0.5 ms pulse width, and 50% duty cycle to test their response.

For the optimization of stimulus parameters, pigeons were placed at the center of the open field, and the initial setup of the instruction set
was the same as for the verification of the electrode implantation. (see Figures SSA-S5C) Then, the voltage was incrementally increased step
by step until the pigeon could perform a circle turning >360°, following the approach outlined in previous research.'®*%°" This voltage was
considered as the optimized stimulus parameter. For the PW gain verification, pigeons were placed at the fixed start site in the open field with
the center block, and the initial setup of the instruction set was the same as the individual’s own optimized voltage parameter. Then, the PW
was incrementally increased step by step to 0.5 ms, 0.7 ms, and 0.9 ms to compel the pigeon to move around the center block for one circle,
recording the stimuli times (see Figures S4B-S4D).

Navigation in field

Procedure 1

Procedure 1 involved three pigeon robots, W036, R012, and Y074, with relative fixation routes after training. The trigger boundary for hovering
control was set at latitude coordinate 32.00562° on their homing pathway. The pigeon robots were adjusted continuously for their flight tra-
jectories when passing through the trigger boundary. In procedure 1, the pigeon robots that complete a 300° turning were considered suc-
cessful hovering. The pigeon robots would be taken off duty right after total electrical stimuli reached eight times to avoid neuronal injury from
excessive dose of electrical shocks. (Figure 4A). The stimulation parameters were set as follows: 80Hz bipolar square wave with the optimized
voltage, which resulted from laboratory tests for each pigeon robot; the initial PW set at 0.5ms and increased with 0.1ms step after each stim-
ulation to decrease neural habituation; stimulation duration 3s with SI 2-3 s; total stimuli fixed to eight times for spontaneous posture adjust-
ment of the pigeon robots.
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Procedure 2

To promote the pigeon robots performing delicate circle flights in a relatively restrictive location, flexible interval (Fl) procedure 2 was de-
signed based on the results from procedure 1 with the rest of the pigeon robots W064, R069, and B074. Two stimulation categories were
intended; one was 0.5 ms duration with 0.1 ms increase step named as weak PW stimuli, and another was 0.5 ms duration with 0.2 ms increase
step as substantial PW stimuli. To restrict the hovering flights within a designed radius, the circle boundary with 100m radius was applied in
procedure 2. The trigger boundary was set at 120m away from the center of the circle, creating a 20m buffer distance for pigeon robots in
response to stimulation (Figure 4B). If the robot flew toward the designed circle, no stimulation would be applied, while its trajectory was
not toward the circle, a weak stimulus was provided to guide it into the circle. Once pigeon exceeded the circle boundary, a weak PW stimulus
was provided if the angle of the head orientation of the pigeon with the normal vector of the circle was smaller than 90° while a substantial PW
stimuli was applied if the angle bigger than 90°. The rest parameters of stimulation and determination of success were the same as those in
procedure 1. Ultimately, the effects of Sls on the circle curvature and hovering success rate were compared statistically between the Fl in pro-
cedure 2 and each Sl in procedure 1. The schematic diagrams of the overall navigation strategy of the second procedure were presented in
Figure 4B.

QUANTIFICATION AND STATISTICAL ANALYSIS
SGD function analysis
First we verified the stimulus signal generation part by using oscilloscope detect the resolution (Equation 1). The default output voltage range

of the D/A conversion module is 0 to Vger+. Based on the reference voltage input Vgers = 3.3V of the current device, the output accuracy
(resolution) of the D/A conversion module can be calculated as follows:

Res = Vger, /2" = 3.3V/2'2 = 0.000804V = 0.804mV (Equation 1)

Given that the conversion time (Tc) of the analog signal is 4us (Equation 2), the conversion rate of the D/A conversion module can be calcu-
lated as follows:

Vae = 1/T. = 1/4us = 250KHZ (Equation 2)

Next, the posture acquisition part was verified. While the GPS model is commercial off-the-shelf, the air pressure sensor required algo-
rithmic correction. During pigeon movement, the sensitivity of the air pressure sensor dynamically changed due to acceleration. Changing
altitude rapidly, the air pressure sensor fluctuates significantly. To maintain the stability of the pressure sensor, a first-order dynamic low-
pass filtering algorithm was adapted to calibrate the current altitude data. This algorithm weighs the altitude data collected at the previous
time A, and the altitude data collected at the current time A, (Equation 4).While the altitude variation is more than 50 m/s, the dynamic
weighting coefficient is 0; whereas, when the altitude variation does not exceed 50 m/s, the dynamic weighting coefficient is K, (Equation 3).
And the relative altitude was calculated as follows:

K = expA|A, — Aol /25 (Equation 3)
Ay = Ac+ Ki(An1 — Asn) (Equation 4)

Pathway analysis

During the pathway analysis, the longitude and latitude coordinates were needed to convert into ground coordinates to obtain the actual
distance. Then, the Euclidean distance of flight pathways was calculated, and the length of the path was obtained through, while S, repre-
sents the longitude coordinates (Equation 5) and S, represents the latitude (Equation 6) coordinates, both recorded by the SGD. The ground
coordinate unit (m) was obtained after the conversion of latitude and longitude coordinates, and the final flight pathway was obtained the sum
of the Euclidean distance (Equation 7).

yi = Si,, X 111000 (Equation 5)
X = S, X 111000 % cos(S,,) (Equation 6)
d = \/(Xr' — X1+ — yio1)? (Equation 7)

i=1

Head orientation analysis

Judging whether the pigeon’s hovering exceeds the circle boundary and applying the weak-gain or strong-gain at each stimuli, we introduce
—

the variables @, k, and 0 to calculate the hovering state based on the longitude and latitude coordinates. After the pigeon arrives at the

trigger boundary, we first utilize the following formulas to analyze the latitude and longitude numerically.
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While the pigeon robots exceed the circle boundary, by analyzing the relationship between the positive and negative value of sin( I< a_))
and cos( I< @) (@ means the direction vector difference between the current position and the previous position of the pigeon robot, k
means the normal vector of the circle boundary.), three flight states of the pigeon robot were defined. 1) While cos( k, @) < Oitis con5|dered
that the p|geon robot is flying toward the circle boundary, and the behavior navigation of the pigeon robot is absent; 2) While cos( I< 2)>0
and sin( I< @) >0 it is considered that the pigeon robot is flying away from the circle boundary, and the flight direction deviated from the
clockwise tangent direction of the circle boundary by more than 90°. Under this condition, the P.W. gain from the stimulation signal needs
to expand to add extra 0.2ms after each stimulation; 3) While sin(?7 @) < 0itis considered that the pigeon robot flying away from the circle
boundary, and the flight direction deviated from the clockwise tangent direction of the circle boundary by less than 90°.

For clockwise navigation of the pigeon robot, the foIIowmg formula was adapted When the pigeon robots exceed the circle boundary, the
relationship between the positive and negative values of sin( k 2) and cos( I< @) was analyzed to define three flight states of the pigeon
robot: 2) While cos( k ) >0itis con5|dered that the pigeon robot is flying toward the circle boundary, and the behavior navigation of the
pigeon robot is absent, 2) While cos( ® ,a)<0and sm(?, @) >0itis considered that the pigeon robot is flying away from the circle boundary,
and the flight direction deviated from the clockwise tangent direction of the circle boundary by more than 9_(})". Under this condition, the P.W.
gain from the stimulation signal needs to expand to add an extra 0.2ms after each stimulation; 3) while sin( k, @) < Qitis considered that the
pigeon robot is flying away from the circle boundary, and the flight direction deviated from the clockwise tangent direction of the circle
boundary by less than 90°.

Success rate as (Equation 8):

Success rate = success/total x 100% (Equation 8)

Circle curvature (Equation 9):

K = Aﬂ/As = tan k, Z\/(X, — Xi_1) - Vi_ 1)2 (Equation 9)

i=1

Statistics analysis

The standard deviations of the flight trajectory lengths in the last 6 training trials were analyzed using standard deviation analysis, with all
standard deviations found to be less than 1. The pulse widths (PWs) modulation and trajectory lengths deviations for individual pigeons
were analyzed using one-way ANOVA. The success rates and circle curvature between and within the fixed stimulus procedure and flexible
stimulus procedure were calculated using one-way ANOVA. Statistical significance was considered for *p < 0.05, **p < 0.01 and ***p < 0.001.
Detailed statistical information for all experiments is included in their corresponding figure legends.
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