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Abstract

Introduction: Insect cyborg is a kind of novel robot based on insect–machine interface

and principles of neurobiology. The key idea is to stimulate live insects by specific stim-

uli; thus, the flight trajectory of insects could be controlled as anticipated. However,

the neuroregulatory mechanism of insect flight has not been elucidated completely at

present.

Methods:Toexplore theneuro-mechanismof insect flight behaviors, a series of electri-

cal stimulationwas applied on the optic lobes of semi-constrained honeybees. Times of

flight initiation, flapping frequency, and duration were recorded by a high-speed cam-

era. In addition, flapping and steering initiation experiments of the cyborg honeybee

were verified.Moreover, series of local field potential signals of optic lobes during flap-

ping were collected, pre-processed to remove baseline wander and DC components,

then analyzed by power spectrum estimation.

Results: A quantitative optimization method and optimal stimulation parameters of

flight initiation were presented. Stimulation results showed that the flapping duration

differed greatly while the flapping frequency varied with little difference among dif-

ferent individuals. Moreover, there was always a fluctuation peak around 20–30 Hz

in power spectral density (PSD) curves during flapping, distinguishing from calm state,

which indicated some brain activity changes during flapping.

Conclusions: Our study presented a range of relatively optimal electrical parameters

to initiate honeybee flight behavior.Meanwhile, the regularity of flapping duration and

flapping frequency under electrical stimulationswith different parameterswere given.

The feasibility of controlling a honeybee’s flight behavior by brain electrical stimula-

tion was verified through the flapping and steering initiation experiment of honeybees

under semi-constrained state. PSD fluctuations reflected changes in brain activity dur-

ing flapping and that those fluctuation characteristics at the specific frequency band

could be sensitive determinants to distinguishwhether the honeybeewas flying or not,

which benefits our understanding of honeybee’s flapping behavior and furthers the

study of honeybee cyborgs.
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1 INTRODUCTION

Insects, which have a uniquewayof flightway for flappingwings at high

speed, can adapt to many kinds of environment, and are thus spread

all over the world. Inspired by those unique advantages of insects’

flight ability, researchers have developed bionic robots and micro air

vehicles (MAV) (Pines &Bohorquez, 2006; Sane, 2003), even employed

the inspiration to the design of aerospace vehicles (Zhang et al., 2019;

Liang et al., 2019). Nevertheless, due to the limitations of microma-

chining methods and the shortcomings of power systems, payloads

and navigation technologies, artificial MAVs cannot fly as freely as real

insects. (Bermudez & Fearing, 2009; Breugel et al., 2008; Whitney &

Wood, 2010). They could only imitate the flying performance of insects

to a certain extent, and were far from comparable with insects in

terms of flight speed, perception of external conditions, energy supply,

environmental adaptability, effective flight distance, and so forth. In

recent years, insect cyborg technologies have been developed and

have overcome some technical difficulties of MAVs. At the same time,

it brought a new challenge, that is, how to determine optimal stimulus

parameters and stimulation sites for flight behavior regulation.

Before insect cyborgs came out, researchers had already tried to

control live insects’ behaviors by stimulating some specific body parts

of insects. Huber performed the electrical stimulation experiment on

the insect supraesophageal ganglion by using acute preparations of

Gryllus and found that the mushroom body and the central body were

relevant to higher control of different motions in orthopteran insects

(Huber, 1960). Rowell (1963) controlled a series of behaviors such

as antennal movements, locomotion, feeding, and sexual behavior of

locusts for the first time.

To gain more precise insects’ behavior control results, some more

systematic control strategies by stimulation appeared. Electrical stim-

ulation is an effective way to control the flight or walking behaviors

of insects based on neuro-mechanism study and micro-electronic

mechanical systems (MEMS). Stimulating the antenna by electric-

ity is the earliest method to control the insect behavior. Holzer &

Shimoyama (1997) groundbreakingly controlled a live cockroach to

walk along a black line by stimulating its antenna with an electronic

backpack. Similarly, since physical activities of antenna can affect

the motion of insects, the electroantennography (EAG) of honeybees

under different odors was investigated to analyze the response of

samples in order to provide physical support to control live honeybees

(Zhao et al., 2020). Furthermore, cyborgs with other functional mod-

ules, such as a kind of electrical stimulated cyborgmounted on a sound

source localization module, came out (Latif et al., 2016). Vo Doan et al.

(2015) demonstrated the achievement of free-flight thrust control of

cyborg beetles (Vo Doan et al., 2015). Based on this research, more

flexiblemotion control with a user-adjustable walking gait, step length,

and walking speedwas achieved. (Cao et al., 2016).

An effective method to control the motion of insects, neuron

stimulation, was proposed (Bozkurt et al., 2008a). Tsang et al. (2008)

developed a flexible electrode array that provided multisite electrical

stimulation of an interganglionic bundle of nerve fibers in the moth’s

abdominal nerve cord. Therefore, the motion of adult moths’ abdomen

induced by stimulating the nerve cord would lead to scalable motion

in direction during flight (Tsang et al., 2008). Later, a terrestrial cyborg

with a neural stimulation system was demonstrated and a system-on-

chip, which enabled a wireless neuro-stimulation backpack system

with onboard electrodes-tissue bioelectrical coupling verification, was

proposed (Latif & Bozkurt, 2012). Since the physiological mechanism

of neural stimulation is not clear, a new brain stimulation protocol

for the honeybee-machine interface was presented. (Zhao et al.,

2014). Recently, a functional brain-to-brain interface which was more

efficient than insect–machine interface was achieved. By using the

abovemethod, researchers used orders from the human brain to guide

a live cockroach (Li & Zhang, 2016).

Researchers also have been trying to combine neuron and muscle

electrical stimulation methods for higher robustness. Sato et al.

(2008a) achieved initiation, cessation, and elevation controls of giant

beetles (Mecynorhina torquata) by stimulating optic lobes. Then, they

presented an implantable flight control microsystem including a

visual stimulator, a polymide assembly, a microcontroller, and multiple

inserted neural and muscular stimulators (Sato et al., 2008b). Further,

wireless continuous flight control of beetles with a miniaturized

system was achieved (Sato et al., 2009). Their miniature radio system

could remotely stimulate free-flying insects and they found that the

coleopteran third axillary muscle was tonically activated ipsilaterally

during turns (Sato et al., 2015). In order to improve the robustness

of the electrodes-tissue interface, an Early Metamorphosis Insertion

Technology (EMIT), which means placing the control micro-chip in

insects’ pupal stage, was proposed (Bozkurt et al., 2007). Based on

EMIT, theydevelopeda radio-controlled cyborgbyneuromuscular acti-

vation, usedaheliumballoon to increase thepayload capacity and flight

duration, at the same timeenabledvaries kindsof applications (Bozkurt

et al., 2009a). Later, they demonstrated their results towards naviga-

tion of flight in moths which instrumented with equipment to gather

information for environmental sensing (Bozkurt et al., 2009b). In

addition, combining neural andmuscular stimulators, Daly et al. (2010)

developed a 2.5mWwireless flight control system for cyborgmoths.

Except for electrical stimulation, researchers also have been try-

ing to control insects by micro-thermal stimulation (Bozkurt et al.,

2008b; Visvanathan et al., 2008), chemical stimulation (Chung & Erick-

son, 2009), and visual stimulation (Van Kleef et al., 2013; Verderber

et al., 2014; Zheng et al., 2018). Although tremendous efforts have pro-

moted technical progress more accurately for controlling insects by

various stimulationmethods, a systemic brain stimulation prototype of

insects has not been established yet. Neuro-mechanism of controlling
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insects flight by stimulating brain subregion is so vague that accurate

flight control technologies cannot be realized at present. In this paper,

we put electrical stimulation of different parameters on the optic lobes

of honeybees to find out the optimal frequency and voltage amplitude

of the specific electrical pulse. At the same time, to explore the optimal

parameters and stimulation sites, the research on behaviors’ neuro-

mechanism should be furthered. Brain electrophysiological signals

analysis is themain researchmeans to explore the neuro-mechanismof

behaviors (Wolpaw et al., 1998). Thus, LFP signals during flappingwere

recordedandanalyzedbypower spectral estimation,whichwill deepen

our comprehension towards insect flight control neuro-mechanism

and further the study of accurate flight control of honeybees.

2 MATERIALS AND METHODS

2.1 Sample preparation

Foraging workers (Apis melifera carnica) were captured from honeybee

hives (temperature:25◦C, humidity: 55%) in the Tsinghua University

lab (116.33◦E, 40.00◦N). Before fixation and anatomy, captured hon-

eybees were foragedwith sucrose solution in bottles.

2.2 Fixation and anatomy

In the completely constrained state, a scaffold was designed to fix the

honeybee’s head firmly at an immobilized position to locate the specific

brain subregion more accurately. After the sample was tethered to the

scaffold, melting beeswax was put on the sample’s rostral head, which

was handled by an electric tachometer indicator torch. Therefore, the

interspace between the scaffold and the rostral head was filled with

beeswax. Thus, the honeybee’s head was fixed firmly on the scaffold.

A rectangle small cuticlewas cut from the honeybee’s head. Glands and

trachea were carefully removed and the brain was then covered with

saline.

Under the semi-constrained state, the pretreatment procedures

were consistent with the previous experiments.When the preparation

steps were finished, the stimulating electrode was inserted into a pre-

punched hole on the head cuticle, which was about 850 μm below the

brain surface. A small amount of beeswax was dripped on the surface

of the bee’s head cuticle. After the beeswax solidified, a small amount

of white glue was coated on the surface of the cuticle. The electrode

implantation procedure was completed when the white glue solidified.

Here, beeswaxwasused for isolating theglue fromthebrainof thehon-

eybee because white glue was water-soluble and toxic to honeybees.

2.3 Electrode implantation and position

The Tungsten electrodes (Kedou Brain-Computer Technology Co., Ltd,

Suzhou, China) were selected as stimulating electrodes due to their

electrical conductivity and high strength at μm scale. One end of the

stimulating electrodes (insulation side) was fixed on the displacement

controller (CTF-8301B3, Rich life Science Instrument Co., Ltd, Jiangsu,

China) and the other end was connected to the isolated pulse stimu-

lator (Model 2100, A-M Systems, US). After the stimulating electrode

was implanted into optic lobes, the reference electrode was placed at

the brain surface to form a complete circuit.

The stimulation sites of the optic lobes were positioned by three

displacement controllers (as shown in Figure 1). When the stimulating

electrode contacted the brain surface, it kept looping it down until it

reached the specific depth. Thus, the procedure of electrode implan-

tation was finished. Under the completely constrained state, the sam-

ple’s statewhen preparation procedurewas completed is shown in Fig-

ure 2. Figure 3 shows the electrodes fixation operation under the semi-

constrained state. The overall framework of the experimental design is

shown in Figure 4.

2.4 Local field potential recording

Under the completely constraint state, the electrical stimulus (with a

duty ratio of 50%, voltage amplitude of 7 V, and a stimulus duration

of 0.4 s), was imposed on the optic lobes of the samples. At the same

time, a series of local field potential (LFP) signals collected from the

optic lobe were recorded by the 4-channel USB acquisition controller

(Sytech, Buchenbach, Germany). Since LFP signals were collected from

one side of the optic lobes, only channel-1 of the 4-channel USB acqui-

sition controllerwas used.Datawas collectedby the software “EagPro”

in real time.

3 RESULTS AND DISCUSSION

3.1 Optimal electrical stimulation parameters
exploration

The stimulus of rectangular biphasic pulse (duty ratio: 50%) was

generated by an isolated pulse stimulator andwas used for stimulation,

the duration of which was 0.4 s. A series of frequency and voltage

amplitude parameters were designed. The principle of selecting the

upper limit of the parameter range is to ensure the honeybees’ high

activity. The combinations of experimental parameters are shown in

Table 1. These stimuli combinations were applied to the optic lobes of

the samples to record their corresponding behavior response in order

to narrow the range of optimal stimulation parameters.

From the data, we found that when the frequency was between

F3 and F5, voltage amplitudewas betweenU5 toU7, the success rate of

flapping initiation response could reach 80%. Based on these results,

the range of frequencies were narrowed to 3, 20, 40, 60, 80, and

100 Hz. Meanwhile, the range of voltage amplitude were narrowed to

3, 4, 5, 6, 7, and 8 V. Then, these stimuli combinations were applied to

optical lobes of eight honeybees to observe their reactions. After the

electrodes were implanted into the brain, the isolated pulse stimulator

was set to expected stimulating parameters. Then, push the start
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F IGURE 1 Brain stimulation experiment platform. (a) Schematic diagram of experimental equipment. (b) Diagram of the stimulating electrodes
and the reference electrode

TABLE 1 Combinations of frequency and voltage amplitude used for stimulation

Voltage amplitudeUi (V)

Frequency Fi (Hz) U1(0.3) U2(0.5) U3(0.9) U4(1.6) U5(2.7) U6(4.7) U7(8.1) U8(24.0)

F1(1) F1U1 F1U2 F1U3 F1U4 F1U5 F1U6 F1U7 F1U8

F2(3) F2U1 F2U2 F2U3 F2U4 F2U5 F2U6 F2U7 F2U8

F3(10) F3U1 F3U2 F3U3 F3U4 F3U5 F3U6 F3U7 F3U8

F4(30) F4U1 F4U2 F4U3 F4U4 F4U5 F4U6 F4U7 F4U8

F5(100) F5U1 F5U2 F5U3 F5U4 F5U5 F5U6 F5U7 F5U8

F6(320) F6U1 F6U2 F6U3 F6U4 F6U5 F6U6 F6U7 F6U8

F7(600) F7U1 F7U2 F7U3 F7U4 F7U5 F7U6 F7U7 F7U8

F8(1000) F8U1 F8U2 F8U3 F8U4 F8U5 F8U6 F8U7 F8U8
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F IGURE 2 The stimulating electrodes and reference electrodewere implanted in optic lobes of the fixed honeybee

(a) (b)

F IGURE 3 The honeybee with fixed electrodes during the operation. (a) Stimulating and reference electrodes were already fixed. (b) A small
amount of white glue was coated on the surface of the cuticle

F IGURE 4 The overall flow path of optimal stimulation parameters exploration experiments and LFP research
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F IGURE 5 Overall stimulation experimental procedures and statistic results of optimal electrical stimulation parameters exploration. (a)
Sample honeybees’ optic lobes were stimulated by electrical stimuli of variable parameters of frequency and voltage amplitude. At the same time,
activity responses were recorded by the high-speed camera. (b) The sample honeybee’s brain surface and the electrode implantation point. (c) The
tethered honeybee waiting for electrode implantation. (d) The flight initiation successful rate (P) under different stimulation parameters of
frequency and voltage amplitude

button of “single stimulus”; thus, the stimulus will be applied on the

sample’s optic lobes. The activities of samples were observed at the

same time. When the sample starts to flap, turn on the high-speed

camera (Phantom, M110, Vision Research, Wayne, NJ) to record its

activity and flapping duration. The overall procedures are shown

in Figure 5a. Figure 5b shows a honeybee’s brain surface after the

head cuticle was removed and the electrode implantation point and

Figure 5c shows the electrodes implantation procedure.

When stimulations were in low density, which meant the amplitude

and frequency were both low, only legs stretched and contracted, or

wings slightly evoked upstroke and downstroke, but flight behavior did

not happen. To analyze the effect of voltage amplitude, we recorded

the times of flight initiation among eight tethered honeybees when

electrical stimulations with different amplitudes were applied. Exper-

imental data were summarized in Figure 5d,e. The successful rate (P)

is defined as the ratio of the times of flight initiation and the overall

experimental times. Results showed that when the voltage amplitude

(U) was lower than 7 V, P among 12 tethered honeybees increased as

U increased. While Uwas higher than 7 V, P seemed to be a downward

trend. These results showed that there was an optimal parameter

of U around 7 V. Also, to analyze the effect of frequency, the times

of flight initiation were recorded when rectangular biphasic pulses

with different frequencies were applied to honeybees. When the

frequency (F) was lower than 60 Hz, P increased with the increase of

the frequency. Conversely, P decreased when Fwas higher than 60 Hz,

as shown in Figure 5e. This result indicated that there was an optimal

frequency parameter of around 60 Hz when such a rectangular bipha-

sic pulse, mentioned above, was applied on honeybees’ optic lobes. In

general, a stimulus used for initiating honeybees flight behavior with

parameters, mentioned above, the success rate P can be guaranteed
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F IGURE 6 The correlation analyzation results between flapping
frequency and flapping duration. The average value of the flapping
duration was 448.143 s and Standard Deviation (SD) was 411.659,
which indicated that the flapping duration tended to be random.While
the average value of flapping frequency was 120.657 s, SD= 20.225,
which indicated that a certain electrical stimulus perhaps had some
inherent connections with flapping frequency of honeybee

when voltage amplitude (U) is around 7 V and frequency(F) is around

60Hz.

Furthermore, in order to explore the effect of artificial electrical

stimulation on flight behavior, the pulse with the frequency of 200 Hz,

voltage amplitude of 5 V, duty ratio of 40%, stimulus time of 1 s was

applied to nine honeybees. When these samples started to flap, the

flapping frequency and the flapping duration were recorded by a high-

speed camera. The experimental data is shown in Figure 6. The mean

values of flapping frequency and the flapping duration were 120.6 Hz

and 448ms, respectively.When the honeybeewas stimulated, the flap-

ping frequency variedwith little differencebut hugedifferences in flap-

ping duration. This indicated that when honeybees’ flight behavior was

controlled artificially, the flapping frequency was always roughly con-

sistent, and the flapping duration varied due to the individual differ-

ence of honeybees. These results coincided with a previous study (Bao

et al., 2011), that is, the flappingduration variedwidely due to the activ-

ity of honeybees.

In order to explore the correlation between the flight duration and

flight frequency of honeybees, the correlation coefficient and covari-

ance were calculated. The calculation results have shown that, the

correlation coefficient between them was −0.35, and the covariance

was −2505.15. The results showed that there was a negative correla-

tion between flight duration and flight frequency, but the correlation

was weak. However, the value of the covariance was large, indicating

that the dispersion between the two sets of data was large. And it

also proved that there was no obvious correlation between them. In

summary, the flight duration and flight frequency can be regarded as

two independent parameters during artificially controlled flight, which

basically do not interfere with each other. The statistical results are

shown in Figure 6.

3.2 Flight validation of honeybee cyborgs by
electrical stimulation

Under the completely constrained state, the stimulation parameters

for flight initiation were at a frequency of 100 Hz, a duty cycle of 40%,

and a stimulation duration of 1 s, with bipolar pulse. The stimulation

parameters for steering initiationwere at a frequency of 100Hz, a duty

cycle of 40%, and a stimulationdurationof 1 s,with unipolar pulse.Dur-

ing the experiment, the high-speed camera was used to record behav-

iors of the honeybee.

In the experiment, beeswax was used to fill the exoskeleton and

white glue to fix electrodes, which could retain the honeybee’s

activity for a long time. Beyond that, the electrodes implantation

procedure did not affect the bee’s motor function. The honeybee

could crawl and fly normally even if the implantation was finished.

Not only that, the survival time of the sample honeybees could reach

24 h.

Experimental results proved that electrical signals could trigger the

honeybees to fly. Figure 7 shows that the sample honeybee after elec-

trical stimulation started to flap and intended to fly. There was a good

correlation between times of electrical stimulation and times of flight

initiation. At the same time, the electrical signal could induce the direc-

tion adjustment of the honeybee’s trunk. When the unipolar stimulus

was applied, the honeybee showed an obvious unilateral tendency or

turning behavior (as shown in Figure 8). Its behavior had good symme-

try along with the polarity of stimulation on optic lobes from the left

side to the right.

3.3 Local field potential analysis

Theoriginal LFP signalswere imported to the software “MATLAB”, then

preprocessed and analyzed by power spectral density (PSD) estima-

tion of the Burg method. In addition, procedures of electrodes implan-

tation were the same as mentioned above. The only difference was

that stimulating electrodes were replaced by the recording electrode

(Kedou Brain-Computer Technology Co., Ltd, SuZhou, China). The gen-

eral flowof theLFPprocessing is describedas follows.AfterDCcompo-

nents were removed, empirical mode decomposition (EMD) was used

for baseline wander correction. Then PSD analysis based on ARmodel

was used for feature extraction.

3.3.1 Signal preprocessing

The LFP signals were relatively weak, and the frequency was low. The

baseline wander frequency was mainly concentrated around 0.7 Hz.

Thus, it is necessary to remove the baseline wander to prevent the

interference in low-frequency components. At the same time, the DC

components of original signals interfere with the identification of the

dominant frequency and other characteristics in PSD analysis. There-

fore, the DC components were removed by fast Fourier transform

(FFT) and inverse fast Fourier transform (IFFT) method.
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F IGURE 7 The sample honeybee after stimulation started to flap. From left to right: (a) t= 0.5 s, (b) t= 1 s, (c) t= 1.5 s, (d) t= 2 s. Over time, the
sample’s flapping frequency became faster

F IGURE 8 Steering initiation experiments of honeybees. (a) Schematic diagram of deflection angle α. (b–e): t= 0 s, t= 1 s, t= 2 s, t= 3 s. Point
O is fixed and the line between themidpoint O of the bee’s head and themidpoint A of the tail serves as a deflection line. The left side angle
betweenOA and L is defined as the deflection angle, which can bemeasured as 0◦, 5◦, 47◦, and 63◦, respectively

Here, EMD was selected to correct the baseline wander. The

method decomposes the original signal into a series of intrinsic mode

functions in the order of high frequency to low frequency, and then

combines the IMF components according to the frequency charac-

teristics of each intrinsic mode function (Qi et al., 2010). Since base-

line wander components are concentrated in low frequency, the low-

frequency IMFcomponents shouldbe removed fromtheoriginal signal,

then reconstructed in order to remove the baseline wander. As shown

in Figure 9, the signal waveformwas improved obviously after baseline

wander correction.

3.3.2 PSD analysis results

The LFP signal whose amplitude changes over time is converted into

a spectrum of LFP power changes with frequency; thus, the distri-

bution and rhythm changes in different frequency bands. Compared

with classical methods, modern PSD estimation methods effectively

overcome shortcomings such as the low resolution and poor variance

performance. The modern method, called Burg method based on AR

model, was used for estimating the power spectrum in this paper. LFP

signals analyzed by Burg method are divided by the whole frequency

domain into a sumof frequency components bywavelet decomposition

in order to provide information on the LFP signal power at a narrow

frequency range (Akin &Kiymik, 2000). In case that the analyzed signal

is short, Burg method can ensure a stable AR model and achieve effi-

cient calculation. In addition, PSD results obtained under this premise

are very close to true values.

In this paper, the number of DFT points used in Burg method was

1024and theorder of the autoregressivemodelwas15.Due to the lim-

itation of space, Figure 10 shows the power spectrum estimation (PSE)

results of eight signals in flapping state and calm state, respectively. It



DING ET AL. 9 of 12

F IGURE 9 The signal waveform comparison before and after EMDbaseline wander correction. (a) The waveform after EMDbaseline wander
correction. (b) The original signal waveform

F IGURE 10 PSE results of eight flapping state and calm state LFP signals based on the Burgmethod

can be observed that during flight, the change trend of power over time

presentedahighdegreeof similarity. In termsof power spectrumvalue,

as the frequency increased, the power spectrumvalue in low frequency

band generally showed a decreasing trend, and then became flat in

higher frequency band. The upper and lower bounds of the value were

basically stable. Moreover, there was always a power spectrum value

peak at about 20–30 Hz. The amplitude of fluctuations was approxi-

mately the same although the peaks were not extremely high. Figure 9

shows the comparative PSD results between the honeybee’s LFP signal

in flapping state and calm state. Comparing the two power spectrum

curves, it can be found that the curve during flight fluctuated more

than that of bees in calm state. In the low frequency band, the curve in

calm state was flatter; obviously, while there were several small fluctu-

ations in flapping state. This indicated that the change of LFP power in

frequency domain during flight was more complex. In terms of power

spectrum value, the difference between the upper and lower bound

value was not obvious but the energy during flight in lower frequency

(around 0–15Hz) was higher than in calm state. This phenomenon per-

haps has some connections with the labor division and cooperation of

different brain subregions during flapping. Subsequently, the average

PSD value and the error of the eight samples under flapping and calm

state respectively mentioned above were calculated, as shown in Fig-

ure 11. It can be seen that there was a spectral peak between 20 and

30Hz in theaveragePSDcurve,whichwas roughly the sameas the con-

clusion obtained from Figure 10. In addition, observing the results of

the error bar, the similarity of PSD curves at higher frequency (greater

than 20 Hz) was higher, while the differences at lower frequency were

relatively large, which meant greater fluctuations and complication of

energy activities in higher frequency bands. In summary, by analyzing

the PSD analysis results of 40 samples, features of second-order spec-

trum and conjectures of changes in brain activity during flapping were

proposed. Whether the honeybee was in flapping state or calm state

can be distinguished by the characteristics of PSDmentioned above.

From the aspect of rhythm power changes, the power increase

of lower frequency band (lower than transition frequency) and the

power decrease of higher band (higher than transition frequency) can

be observed if power in a flapping state compared with a calm state.

According to the researches performed on humans, selective suppres-

sion of alpha power in different sub-bands and some effects of visual

stimulation are closely related to the attentional and semantic mem-

ory demands (Klimesch et al., 1997a, 1997b). As for humans, seman-

tic memory demands always means that the meaning of the perceived

information is extracted to be stored in semantic long-term-memory

system (LTMS). The similar power change results can be conjected to

suggest that encoding of sensory information during flight for extract-

ing the meaning of perceived information which is stored in LTMS is a

powerful factor of the trim control ability of honeybees.

4 CONCLUSIONS

The primary technical obstacle of insect cyborgs is that the control

accuracy is hard to improve. Here, we demonstrated an electrical stim-

ulation method to control the flight behavior of tethered honeybees.
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F IGURE 11 Average PSD results in flapping states and calm states. The transition point was added to explain brain activity changes related to
LTM

The regularity of the success rate of flight initiation to the electrical

stimulation parameters of voltage amplitude and frequency was also

researched. Meanwhile, the regularity of flapping frequency and flap-

ping duration among different individuals was explored. It was found

that flapping frequency was almost consistent among different indi-

viduals while flapping duration differed greatly, which was instructive

to control fine parameters of flight behaviors. By implanting two elec-

trodes into optic lobes with certain electrical stimulation, the flight ini-

tiation of tethered honeybees could be controlled. In order to achieve

higher flight initiation success rate, the exploration of optimal stimula-

tion parameters of voltage amplitude and frequency should be focused.

Furthermore, the threshold valueof flight initiation shouldbeexplored.

In experiments of semi-constrained state, the initiation of flapping

and steering of honeybees has been successfully achieved. By mea-

suring the deflection angle defined, the turning behavior control has

been achieved. In order to improve the success rate of flapping and

steering initiation, a deep exploration to find better electrical stimu-

lation parameters should be carried out. Thus, the flight and turning

behaviors of honeybees can be regulated more precisely. In addition,

the fixation method of the electrodes in the semi-constrained state

can also be improved to achieve better stability and more convenient

operability.

Furthermore, several LFP analysis methods were applied to explore

the energy characteristics of the LFP signals during flight. Analysis

results indicated that the distribution rules and values of PSD in

frequency domain had a high degree of similarity and there was always

a fluctuation peak at around 20–30 Hz. This characteristic could be

used as the distinguishing condition for judging whether the tested

honeybee was in flapping state. The PSD curves during flight fluctu-

ated more greatly than in calm state, which indicated the brain activity

during flight had more complex state change modes and dynamic

behaviors. In addition, from the aspect of rhythm power changes, it

is suggested that power changes reflected the encoding of sensory

information combined with extraction of perceived information from

LTMS. All these brain activities contribute to the trim flight control

ability of honeybees.

Although insect robots have many advantages over traditional

bionic robots and have achieved certain research results, there are still

many problems in neural regulation mechanism, such as the coupling

of insect–machine interface and the design of micro-control system.

Here, mechanism of neural regulation by electrical stimulation was

explored tentatively and some parameters to achieve more accurate

behavior control were presented. Brain activity during flight of hon-

eybees was analyzed which further our comprehension of honeybee’s

flight control neuro-mechanism.

ACKNOWLEDGMENTS

We greatly appreciate the valuable comments and suggestions from

reviewers which helped us to improve this manuscript. We would also

like to thank the molecular cell experiment platform of Tsinghua Uni-

versity.

CONFLICT OF INTEREST

The authors declare no conflict of interest.



DING ET AL. 11 of 12

AUTHOR CONTRIBUTIONS

Haojia Ding performed the experiments, analyzed, and wrote the

manuscript. Haojia Ding and Jieliang Zhao conceptualized the work.

Shaoze Yan and Jieliang Zhao critically revised themanuscript.

PEER REVIEW

The peer review history for this article is available at https://publons.

com/publon/10.1002/brb3.2426

DATA AVAILABILITY STATEMENT

The data generated and analyzed in this study are available from the

corresponding author upon reasonable request.

ORCID

HaojiaDing https://orcid.org/0000-0002-8677-6322

JieliangZhao https://orcid.org/0000-0001-6879-0537

REFERENCES

Bao, L., Zheng, N., Zhao, H., Hao, Y., Zheng, H., Hu, F., & Zheng, X. (2011).

Flight control of tethered honeybees using neural electrical stimulation.

International IEEE/EMBS Conference on Neural Engineering, Cancun,

Mexico. http://doi.org/10.1109/NER.2011.5910609

Bermudez, F. G., & Fearing, R. (2009). Optical flow on a flapping wing robot.
IEEE/RSJ International Conference on Intelligent Robots and Systems.

http://doi.org/10.1109/IROS.2009.5354337

Bozkurt, A., Paul, A., Pulla, S., Ramkumar, A., Blossey, B., Ewer, J., Gilmour,

R., & Lal, A. (2007). Microprobe microsystem platform inserted during

early metamorphosis to actuate insect flight muscle. IEEE 20th Inter-

national Conference on Micro Electro Mechanical Systems (MEMS),

Hyogo, Japan. https://doi.org/10.1109/MEMSYS.2007.4432976

Bozkurt, A., Gilmour, R., & Lal, A. (2009a). Balloon-assisted flight of radio-

controlled insectbiobots. IEEETransactions onBio-Medical Engineering,56,
2304–2307. https://doi.org/10.1109/TBME.2009.2022551

Bozkurt, A., Gilmour, R., Sinha,A., Stern,D., & Lal, A. (2009b). Insect-machine

interface based neurocybernetics. IEEE Transactions on Bio-Medical Engi-
neering, 56, 1727–1733. https://doi.org/10.1109/TBME.2009.2015460

Bozkurt, A., Gilmour, R., Stern, D., & Lal, A. (2008a). MEMS based bio-

electronic neuromuscular interfaces for insect cyborg flight control.

21th IEEE International Conference on Micro Electro Mechanical Sys-

tems, Tucson, AZ, United States. http://doi.org/10.1109/MEMSYS.2008.

4443617

Bozkurt, A., Lal, A., & Gilmour, R. (2008b). Electrical endogenous heating of

insect muscles for flight control. 30th Annual International Conference

of the IEEE Engineering in Machine and Biology Society, Vancouver, BC,

Canada. https://doi.org/10.1109/IEMBS.2008.4650529

Breugel, F. V., Regan,W., & Lipson, H. (2008). From insects tomachines. IEEE
Robotics & Automation, 15, 68–74. https://doi.org/10.1109/MRA.2008.

929923

Cao, F., Zhang, C., Choo, H. Y., & Sato, H. (2016). Insect-computer hybrid

legged robotwith user-adjustable speed, step length, andwalking length.

Journal of the Royal Society Interface, 13, 20160060. http://doi.org/10.
1098/RSIF.2016.0060

Chung,A. J., &Erickson,D. (2009). Engineering insect flightmetabolics using

immature stage implantedmicrofluidics. Lab on aChip,9, 669–676. https:
//doi.org/10.1039/B814911A

Daly,D.C.,Mercier, P. P., Bhardwaj,M., Stone, A. L., Aldworth, Z.N., Daniel, T.

L., Voldman, J., Hildebrand, J. G., & Chandrakasan, A. P. (2010). A pulsed

UWB receiver SoC for insect motion control. IEEE Journal of Solid-State
Circuits, 45, 153–166. https://doi.org/10.1109/JSSC.2009.2034433

Fraser Rowell, C. H. (1963). A method for chronically implanting stimulat-

ing electrodes into the brains of locusts, and some results of stimulation.

Journal of Experimental Biology, 40, 271–284. https://doi.org/10.1242/
jeb.40.2.271

Holzer, R., & Shimoyama, I. (1997). Locomotion control of a bio-robotic sys-

temvia electric stimulation. IEEE/RSJ International Conference on Intel-

ligent Robot and Systems, Grenoble, France. https://doi.org/10.1109/

IROS.1997.656559

Huber, F. (1960). Untersuchungen über die Funktion des Zentralnerven-

systems und insbesondere des Gehirnes bei der Fortbewegung und der

Lauterzeugung der Grillen. Zeitschrift für vergleichende Physiologie, 44,
60–132. http://doi.org/10.1007/BF00297863

Latif, T., & Bozkurt, A. (2012). Line following terrestrial insect biobots.

Annual International Conference of the IEEE Engineering in Medicine

and Biology Society, San Diego, CA, United States. http://doi.org/10.

1109/EMBC.2012.6346095

Latif, T.,Whitmire, E.,Novak, E., &Bozkurt, A. (2016). Sound localization sen-

sors for search and rescue biobots. IEEE Sensors Journal, 16, 3444–3453.
https://doi.org/10.1109/JSEN.2015.2477443

Liang, Y. J., Zhao, J. L., Yan, S. Z., Cai, X., Xing, Y. B., & Schmidt, A. (2019)

Kinematics of stewart platform explains three-dimensional movement

of honeybee’s abdominal structure. Journal of Insect Science, 19, 3. http:
//doi.org/10.1093/JISESA/IEZ037

Li, G., & Zhang, D. (2016). Brain computer interface controlled cyborg:

Establishing a functional information transfer pathway from human

brain to cockroach brain. PloS One, 11, e0150667. http://doi.org/10.
1371/journal.pone.0150667

Akin,M.,&Kiymik,M.K. (2000). Applicationof periodogramandARspectral

analysis to EEG signals. Journal of Medical Systems, 24, 247–256. http://
doi.org/10.1023/A:1005553931564

Pines, D. J., & Bohorquez, F. (2006). Challenges facing future micro-air-

vehicle development. Journal of Aircraft, 43, 290–305. http://doi.org/10.
2514/1.4922

Qi, H. B., Liu, X. F., & Pan, C. (2010). Discrete wavelet soft threshold denoise

processing for ECG signal. International Conference on Intelligent, 2, 126–
129. http://doi.org/10.1109/ICICTA.2010.404

Sane, S. P. (2003). The aerodynamics of insect flight. Journal of Experimental
Biology, 206, 4191–4208. http://doi.org/10.1242/JEB.00663

Sato, H., Berry, C. W., & Maharbiz, M. (2008a). Flight control of 10 gram

insects by implanted neural stimulators. Frontiers in Neuronscience, 4, 90–
91. http://doi.org/10.31438/TRF.HH2008.26

Sato, H., Berry, C.W., Casey, B. E., Lavella, G., Yao, Y., Vandenbrooks, J. M., &

Maharbiz, M. M. (2008b). A cyborg beetle: Insect flight control through

an implantable, tetherless microsystem. IEEE 21st International Confer-

ence on Micro Electro Mechanical Systems, Tucson, AZ, United States.

http://doi.org/10.1109/MEMSYS.2008.4443618

Sato, H., Perri, Y., Baghoomian, E., Berry, C. W., & Maharbiz, M. M. (2009).

Radio-controlled cyborg beetles: A radio frequency system for neu-

ral flight control. IEEE 22th International Conference on Micro Electro

Mechanical Systems, Sorrento, Italy. http://doi.org/10.1109/MEMSYS.

2009.4805357

Sato, H., Vo Doan, T. T., Kolev, S., Abbeel, P., &Maharbiz, M. M. (2015). Deci-

phering the role of a coleopteran steering muscle via free flight stimula-

tion. Current Biology, 25, 798–803. http://doi.org/10.1016/J.CUB.2015.
01.051

Tsang, W. M., Aldworth, Z., Stone, A., Pemar, A., Levine, R., Hildbrand, J. G.,

Daniel, T., & Voldman, J. (2008). Insect flight control by neural stimula-

tion of pupae-implanted flexible multisite electrodes. 12th International

Conference on Miniaturized Systems for Chemistry and Life Sciences,

San Diego, United States.

Van Kleef, J. P., Massey, T., & Maharbiz, M. (2013). An ocellar-based flight

control system for flying insects. Transactions of Japanese Society forMedi-
cal Biological Engineering,51, M-167. http://doi.org/10.11239/JSMBE.51.

M-167

Verderber, A., Mcknight,M., & Bozkurt, A. (2014). Earlymetamorphic inser-

tion technology for insect flight behavior monitoring. JoVE, 89, e50901.
http://doi.org/10.3791/50901

https://publons.com/publon/10.1002/brb3.2426
https://publons.com/publon/10.1002/brb3.2426
https://orcid.org/0000-0002-8677-6322
https://orcid.org/0000-0002-8677-6322
https://orcid.org/0000-0001-6879-0537
https://orcid.org/0000-0001-6879-0537
http://doi.org/10.1109/NER.2011.5910609
http://doi.org/10.1109/IROS.2009.5354337
https://doi.org/10.1109/MEMSYS.2007.4432976
https://doi.org/10.1109/TBME.2009.2022551
https://doi.org/10.1109/TBME.2009.2015460
http://doi.org/10.1109/MEMSYS.2008.4443617
http://doi.org/10.1109/MEMSYS.2008.4443617
https://doi.org/10.1109/IEMBS.2008.4650529
https://doi.org/10.1109/MRA.2008.929923
https://doi.org/10.1109/MRA.2008.929923
http://doi.org/10.1098/RSIF.2016.0060
http://doi.org/10.1098/RSIF.2016.0060
https://doi.org/10.1039/B814911A
https://doi.org/10.1039/B814911A
https://doi.org/10.1109/JSSC.2009.2034433
https://doi.org/10.1242/jeb.40.2.271
https://doi.org/10.1242/jeb.40.2.271
https://doi.org/10.1109/IROS.1997.656559
https://doi.org/10.1109/IROS.1997.656559
http://doi.org/10.1007/BF00297863
http://doi.org/10.1109/EMBC.2012.6346095
http://doi.org/10.1109/EMBC.2012.6346095
https://doi.org/10.1109/JSEN.2015.2477443
http://doi.org/10.1093/JISESA/IEZ037
http://doi.org/10.1093/JISESA/IEZ037
http://doi.org/10.1371/journal.pone.0150667
http://doi.org/10.1371/journal.pone.0150667
http://doi.org/10.1023/A:1005553931564
http://doi.org/10.1023/A:1005553931564
http://doi.org/10.2514/1.4922
http://doi.org/10.2514/1.4922
http://doi.org/10.1109/ICICTA.2010.404
http://doi.org/10.1242/JEB.00663
http://doi.org/10.31438/TRF.HH2008.26
http://doi.org/10.1109/MEMSYS.2008.4443618
http://doi.org/10.1109/MEMSYS.2009.4805357
http://doi.org/10.1109/MEMSYS.2009.4805357
http://doi.org/10.1016/J.CUB.2015.01.051
http://doi.org/10.1016/J.CUB.2015.01.051
http://doi.org/10.11239/JSMBE.51.M-167
http://doi.org/10.11239/JSMBE.51.M-167
http://doi.org/10.3791/50901


12 of 12 DING ET AL.

Visvanathan, K., Gupta, N. K., Maharbiz, M. M., Gianchandani, Y. B., &

Arbor, A. (2008). Flight initiation and directional control of beetles by

microthermal stimulation. Solid-State Sensors, Actuators and Microsys-
tems Workshop, 126–129. http://doi.org/10.31438/TRF.HH2008.

35

Vo Doan, T. T., Li, Y., Cao, F., & Sato, H. (2015) Cyborg beetle: Thrust control

of free flying beetle via a miniature wireless neuromuscular stimulator.

IEEE 28th International Conference on Micro Electro Mechanical Sys-

tems (MEMS), Estoril, Portugal. http://doi.org/10.1109/MEMSYS.2015.

7051142

Whitney, J. P., & Wood, R. J. (2010). Aeromechanics of passive rotation in

flapping flight. Journal of Fluid Mechanics, 660, 197–220. http://doi.org/
10.1017/S002211201000265X

Klimesch,W.,Doppelmayr,M., Pachinger, T., &Russegger,H. (1997a). Event-

related desynchronization in the alpha band and the processing of

semantic information. Cognitive Brain Research, 6, 83–94. https://doi.org/
10.1016/S0926-6410(97)00018-9

Klimesch, W., Doppelmayr, M., Schimke, H., & Ripper, B. (1997b). Theta

synchronization and alpha desynchronization in a memory task. Psy-
chophysiology, 34, 169–176. https://doi.org/10.1111/j.1469-8986.1997.
tb02128.x

Wolpaw, J. R., Ramoser, H.,McFarland,D. J., & Pfurtscheller, G. (1998). EEG-

based communication: Improved accuracy by response verification. IEEE
Transactions on Rehabilitation Engineering, 6, 326–333. https://doi.org/10.
1109/86.712231

Zhang, Y. L., Zhao, J. L., Chen, W. H., Guo, X. D., Yan, S. Z., Hu, G. T., Yuan, Y.,

Guo, P. F., & Cai, Q. Y. (2019). Biomimetic skeleton structure of morphing

nose cone for aerospace vehicle inspired by variable geometry mecha-

nism of honeybee abdomen. Aerospace Science and Technology, 92, 405–
416. http://doi.org/10.1016/J.AST.2019.06.010

Zhao, J., Li, Z., Zhao, Z., Yang, Y., & Yan, S. (2020). Electroantennogram

reveals a strong correlation between the passion of honeybee and the

properties of the volatile. Brain and Behavior, 10, e01603. http://doi.org/
10.1002/BRB3.1603

Zhao, H., Zheng, N., Ribi, A. W., Zheng, H., Xue, L., & Gong, F. (2014). Neu-

romechanism study of insect-machine interface: Flight control by neu-

ral electrical stimulation. PloS One, 9, e113012. https://doi.org/10.1371/
journal.pone.0113012

Zheng, N., Ma, Q., Jin, M., Zhang, S., Guan, N., Yang, Q., & Dai, J. (2018).

Abdominal-waving control of the tethered bumblebees based on Sarsa

with transformed reward. IEEE Transactions on Cybernetics, 99, 1–10.
http://doi.org/10.1109/TCYB.2018.2838595

How to cite this article: Ding, H., Zhao, J., & Yan, S. (2021).

Behavioral control and changes in brain activity of honeybee

during flapping. Brain and Behavior, 11, e2426.

https://doi.org/10.1002/brb3.2426

http://doi.org/10.31438/TRF.HH2008.35
http://doi.org/10.31438/TRF.HH2008.35
http://doi.org/10.1109/MEMSYS.2015.7051142
http://doi.org/10.1109/MEMSYS.2015.7051142
http://doi.org/10.1017/S002211201000265X
http://doi.org/10.1017/S002211201000265X
https://doi.org/10.1016/S0926-6410(97)00018-9
https://doi.org/10.1016/S0926-6410(97)00018-9
https://doi.org/10.1111/j.1469-8986.1997.tb02128.x
https://doi.org/10.1111/j.1469-8986.1997.tb02128.x
https://doi.org/10.1109/86.712231
https://doi.org/10.1109/86.712231
http://doi.org/10.1016/J.AST.2019.06.010
http://doi.org/10.1002/BRB3.1603
http://doi.org/10.1002/BRB3.1603
https://doi.org/10.1371/journal.pone.0113012
https://doi.org/10.1371/journal.pone.0113012
http://doi.org/10.1109/TCYB.2018.2838595
https://doi.org/10.1002/brb3.2426

	Behavioral control and changes in brain activity of honeybee during flapping
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Sample preparation
	2.2 | Fixation and anatomy
	2.3 | Electrode implantation and position
	2.4 | Local field potential recording

	3 | RESULTS AND DISCUSSION
	3.1 | Optimal electrical stimulation parameters exploration
	3.2 | Flight validation of honeybee cyborgs by electrical stimulation
	3.3 | Local field potential analysis
	3.3.1 | Signal preprocessing
	3.3.2 | PSD analysis results


	4 | CONCLUSIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	AUTHOR CONTRIBUTIONS
	PEER REVIEW
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES


