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Abstract: As a stimulus signal, coded electrical signals can control the motion behavior of an-
imals, which has been widely used in the field of animal robots. In current research, most of
the stimulus signals used by researchers are traditional waveforms, such as square waves. To
enrich the stimulus waveform, a wireless animal robot stimulation system based on neuronal
electrical signal characteristics is presented in this paper. The stimulator uses the CC1101 wireless
module to control animal behavior through brain stimulation. The LabVIEW-based graphical user
interface(GUI) can manipulate brain stimulation remotely while the stimulator powered by battery.
Additionally, The spikes of animals have been simulated by this system through Direct Digital
Synthesizer(DDS) algorithm. The GUI enable users to customize the combination of these analog
spike signals. The recombined signals are sent to the stimulator through CC1101 as stimulus
signals. In vivo experiments conducted on five pigeons verified the efficacy of the stimulation
mechanism. The analog spike signal with an amplitude of 3-5V successfully caused the pigeon’s
turning behavior. The feasibility of the analog spike signals as stimulus signals was successfully
verified. Increased the diversity of stimulus waveforms in the field of animal robots.

Keywords: animal robots; neuronal electrical signal; electrical stimulation; Direct Digital Synthesis
algorithm

1. Introduction

Animal robots are new types of robots that directly control animal movements
through human intervention in neural circuit activities. Compared with traditional robot
technology, animal robots can rely on the motion functions of biological carriers without
carrying additional energy drives. It has shown great advantages in environmental
adaptability, concealment, mobility, load capacity, etc[1,2]. Animal robots has important
theoretical and applied value in the fields of neuroscience and engineering, disaster
rescue, animal behavior, etc.[3-5].

Beginning in the 1990s, researchers from various countries have begun research
on the use of biological control technology to develop animal robots. For example, the
University of Tokyo in Japan conducted related experiments on cockroaches[6]. The
researchers chose to apply electrical stimulation to the best position to control their
movement to achieve control, and finally successfully controlled the cockroach to walk
straight. In 2006, New Scientist magazine reported that the atema research team of Boston
University completed the "Shark Agent" study[7]. They implanted microelectrodes in
the olfactory center of the Squalus acanthias’s brain to generate virtual odor stimuli by
electrically stimulating the olfactory center, which induces the shark to swim with odor
tracking. In 2007, Su Xuecheng et al. were the first researchers who completed the pigeon
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navigation produsure[8]. They used specially processed insulated electrodes to directly
stimulate the fear-sensing nucleus to control the pigeon. Finally they were able to control
the pigeon to complete take-off, landing, turning and other actions. In 2009, researchers
at Hiroshima University chose to stimulate the medial longitudinal fasciculus to achieve
effective control of goldfish[9]. In 2015, Erickson and others from the Department of
Physical Engineering of Washington and Lee University found effective parameters for
stimulating cockroaches. The stimulus waveform was bipolar pulse, which realized
the behavior of cockroaches moving forward and leftward[10]. In 2017, researches in
Seoul National University selected new materials to make electrodes. They chose liquid
crystal polymer as the outsourcing material for implantation experiments. They used
biphasic current stimulation to finally control the behavior of the pigeons[11]. In 2019, A
handheld neural stimulation controller was proposed in Seoul National University for
bird remote navigation. This system consists of a handheld neural stimulation controller
and a fully-implanted stimulator[12]. In the same year, they applied this device to rats
and achieved good results[13].

At present, most of the stimulus signals are regular waveforms such as square
waves[14-17]. And in each experiment, the stimulus waveform used by the researcher
will not change. The long-term use of this simple stimulation mode will produce tol-
erance in animals, which will greatly reduce the stimulation effect[18-23]. Hence, a
wireless animal robot stimulation system based on neuronal electrical signal characteris-
tics was proposed in this paper. The overall schematic diagram of the system is shown
in Figure 1

This proposed stimulation system consists of a hardware platform based on STM32,
including the signal transmitting base station and the electronic backpack, and a set of
GUIL. The stimulus commands generated on the GUI are wirelessly sent to the electronic
backpack by the transmitting base station. The electronic backpack is carried on the
animal and delivers electrical stimulus to electrodes inserted into the animal’s brain.

This paper focuses on simulating animal spikes and increasing the diversity of
stimulation patterns. So the DDS algorithm is used in the electronic backpack to decode
the stimulation instructions and reconstruct the animal’s analog spike signal. In GUI, we
have stored different kinds of spikes collected in advance into the spike library. Users
can customize the combination of spikes and generate stimulation parameters from the
GUI to send to the electronic backpack. During the stimulation experiment, the user can
arbitrarily adjust the stimulation train to increase the variety of stimulation waveforms.

In this paper, details of electronic backpack are demonstrated to show its fabrication
methods and the process of spike simulation. The functionality of this system was
evaluated in vivo in order to verify the feasibility of using spike signals as stimulus
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2. Materials and Methods
2.1. Transmitting base station design

The stimulus command is transmitted from the GUI to the transmitting base station,
and then the stimulus command is wirelessly forwarded to the electronic backpack.
Therefore, commercial STM32 minimum system board and CC1101 wireless module are
used as signal transmitting base station. The diagram of the signal transmitting base
station is shown in Figure 2.

Signal transmitting base station

PC ! SPL [ |

! MISO MOSI |

[ = MOSI MISO ;

SCLK SCLK i

USB | :

— TR CSN CSN |

I Tx GDO GDO :

“ﬁ | CC1101 |

STM32F103

Figure 2. Signal transmitting base station

2.2. Electronic backpack design

Wireless module In order not to affect the normal activities of animals, the
electronic backpack should use wireless transmission and be small enough. Additionally,
low-power but long-range wireless communication is necessary.

To achieve these requirements, CC1101(manufactured by Texas Instruments) has
been chosen for wireless communication between thetransmitting base station and the
electronic backpack.Not only does CC1101 consume lower power than Wi-Fj, it can also
transmit data for a longer distance (up to 100 m in practice) in comparison to Bluetooth.

CC1101 contains two RF ports and is a typical differential signal output. Since a
monopole antenna is used for data transmission in the system design, a balun is required
to be used to convert the double-ended signal into a unipolar signal. The balanced
structure port is composed of two parallel wires, the current of the two wires is the
same but the direction is opposite. The common mode interference is suppressed by the
differential signal and then converted into a unipolar signal output by the balun[24-26].
The power consumption of the front-end amplifying part of the radio frequency chip is
often the largest. Current conduction angle is reduced to reduce power consumption[27].
But reducing the current conduction angle will cause harmonic distortion, so a filter
was added to solve the above problem. In this paper, the LC filter structure is selected
for filtering. The LC filter structure is simple, uses fewer components, and connects the
inductor in series in the path, which has better isolation and relatively better filtering
effect. The wireless module circuit is shown in Figure 3.

Power conversion module A rechargeable lithium battery (300mAh, 3.7V) is used
to power the electronic backpack. REG710-3.3V(manufactured by Texas Instruments)
is used to convert the 3.7V into a stable 3.3V for the MCU and CC1101. The voltage
converter and multiplexer need +5V power supply to output the maximum stimulus
waveform of +5V. So REG710-5V is used as voltage boost. The size of this chip is only
2mm x 3mm, which can save a lot of circuit space. The power conversion module circuit
is shown in Figure 4.

A circuit composed of TC7660 and two 10pF tantalum capacitors is used as a
negative voltage generating circuit. Figure 5 shows the negative voltage generating
module circuit.
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Figure 5. Negative voltage generating circuit

Biphasic pulse generating circuit The final analog spike signal to be generated
by electronic backpack is a biphasic waveform. The amplitude of the output waveform
is adjustable from -5 to 5V. So a voltage conversion circuit is designed to convert the
voltage from 0 3.3V to -5 5V voltage. As shown in the Figure 6. The circuit consists of
two operational amplifiers (model AD820), which are used to convert unipolar voltage
to bipolar voltage and amplify bipolar voltage respectively. As shown in the Figure 6.
The output and input have the following relationship:

:R7+R8X<R5+R6 Ré) (1)

R X Viy =5 X —

v
0 Rs Rs
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The electronic backpack decodes and calculates the parameters of the received analog
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Figure 6. Biphasic pulse generating circuit

spike signal into a single-phase signal, and then outputs an ideal biphasic analog spike
signal through the above-mentioned amplifying circuit.

PCB design and manufacture The schematic diagram of the circuit board de-
sign is shown in Figure 7. The upper board size is 30mmx16mmx1.5mm, the mass is
about 3.7g, the front is CC1101 working circuit and PCB antenna. The lower board is
38mmx23mmx2mm, the mass is about 5.5g, mainly including STM32F103RCT6 work-
ing circuit, a REG710 voltage conversion chip , a negative pressure generating TC7660
chip and two AD820 precision op amps. The total weight of the electronic backpack is
15.8g (6.6g including battery). Two rows of 2.54mm pin headers are used to connect
between the two circuit boards and realize signal transmission. A rechargeable lithium
battery(300mAh, 3.7V) is used as a wireless power source to power the electronic back-
pack, and the battery is placed between the two circuit boards. The physical map of the
entire electronic backpack is shown in Figure 8.
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Figure 7. Schematic diagram of electronic backpack circuit board design

2.3. Software design

Simulating animal spike signals efficiently is our ultimate goal, so Principal Com-
ponent Analysis(PCA) is used to classify pre-acquired spike data on MATLAB[28-30].
Then, the average value of each type of spike data is processed to obtain a smoother
curve and the curve is stored as a spike signal. The result is shown in Figure 9.

The obtained spike potential curve needs to be fitted. The purpose of the fitting is
to decompose the spike curve into multiple sinusoidal forms. In the subsequent work,
the parameters obtained after fitting need to be sent to the electronic backpack through
the GUI. Then, the DDS algorithm is used to process these parameters on the electronic
backpack and finally output the analog spike signal. The smoothed spike No.2 as an
example, and the fitting result is shown in Figure 10.

From the results of fitting, the spike No.2 is decomposed into a composite form of
four sinusoids. The fitted parameters a, b, and c respectively represent the amplitude,
frequency, and phase of the decomposed sine (in the yellow box in Figure 10). The
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Figure 8. The physical diagrams (a) and (b) of the electronic backpack are the top views of the
upper and bottom boards of the electronic backpack, Figure 8(c) is the top view of the two-layer
circuit board combined, and Figure 8(d) is the back of the electronic backpack.
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Figure 10. Fitting results

generated fitting parameters are stored in the GUI, and the user can combine and select
the desired spike waveform for stimulation in the GUL

2.3.1. User graphical interface based on LabVIEW

The LabVIEW based user interface is the pivotal part of the stimulus analysis
system, which mainly completes the functions of stimulus parameter setting, stimulus
command sending and stimulus waveform preview. On the one hand, it stores the
data parameters processed by MATLAB in the waveform library; on the other hand, it
graphically displays and decodes the parameters and transmits them to the transmitting
base station. The GUI performs data transmission with the transmitting base station
through the USB interface of the computer. After the system is started, the GUI first
checks whether the signal transmitting base station has been connected to the computer,
and the GUI starts to run after the detection is successful (as shown in the Figure 11).
The GUI is developed based on LabVIEW. After testing, the interface can complete the
established design requirements.
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Figure 11. LabVIEW based user interface

2.3.2. Direct Digital Synthesizer algorithms

Using the DDS algorithm to generate analog spike signals through DA and ampli-
fiers is the core solution for generating stimulus signals in this paper. DDS technology
has been continuously optimized and developed since it was proposed in 1930, and has
been widely used in various fields due to its continuous phase, fast conversion speed,
and short output frequency interval. Compared with the ordinary look-up table method,
the DDS algorithm has higher frequency resolution, more output frequency points, up
to 2 Nth frequency points (N is the number of bits of the phase accumulator)[31]. Before
this, we have decomposed the original spike signal for the synthesis of several sinusoidal
signals, the DDS algorithm can be used to simulate the animal’s spike signal on the
hardware more efficiently.

The basic structure of DDS is divided into 5 parts (as shown in the Figure 12). The
first part is the reference clock as the prerequisite for system startup; the core part is the
phase accumulator, which controls the output frequency by linearly accumulating the
phase value; The third part is the waveform mother table composed of discrete points.
The discrete points in the waveform mother table are output as the identification address
through the output of the phase accumulator. The remaining two parts are responsible
for digital-to-analog conversion and filtering.

Phase
control
word

Phase
accumulator

Frequency
control word

‘Waveform
mother —P{ DAC ’—P{ LPF }—»
table

A

Output

Figure 12. DDS principle block diagram

In the case of low requirements for output frequency and accuracy, the DDS algo-
rithm can also be implemented in the microcontroller. The maximum output frequency
of the analog spike signal is 500Hz. Therefore, a single-chip microcomputer is needed
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as the main control chip to generate analog spike signal. The realization of the DDS
principle and the data synthesis of the waveform mother table are the core of the use of
the DDS algorithm to synthesize the spike.

The reference clock provides pulses of a specific frequency for the entire system.
The phase accumulator accumulates the frequency control word every time it recognizes
a pulse. Based on this feature, the counter interrupt is used to simulate the clock, and the
phase accumulator is operated on the interrupt. 10Khz is used as the interrupt frequency
of the timer, that is, an interrupt is triggered every 0.1ms. The phase accumulator can be
replaced by a 32-bit data, and the frequency control word is accumulated once for each
interruption. By judging the overflow time of the highest bit, it is judged whether the
unit cycle is completed. If the phase accumulator is 32 bits, the waveform master table
needs 232 values to correspond with it. But in reality, the waveform master table cannot
have 232 values. Therefore, use the high 8-bit of the phase accumulator as the address to
query the waveform mother table. In this way, we only need to set an array containing
256 data as the waveform mother table to achieve the goal. The final output frequency is
obtained by the following formula:

faut =M x ZfTiI (2)

Where M is the frequency control word, f, is the clock frequency, and N is the number
of bits of the phase accumulator.

The data receiving end receives a section of four sine function parameters that
can fit the spike signal. The main control chip at the receiving end first converts the
parameters into four sine data tables, and then obtains the wave code table of the analog
spike signal through specific operations. The generated wavecode table can be stored as
a waveform mother table for output after algorithm processing.

3. Results

Before using the stimulator, the effect of system need to be tested. The test environ-
ment is shown in the Figure 13.

Control Interface of Neural Stimulator

Signal
transmitting
base station

o =
Electronic

]/’backpack :

Figure 13. Test environment

3.1. Stimulus waveform verification

Since this system is a voltage-type control system, it is only necessary to connect
the output terminal to the oscilloscope to test the output waveform. According to
system requirements, The GUI can provide multiple stimulation modes, that is, it can
control the electronic backpack to generate stimulation sequences of arbitrary waveform
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combinations. The verification of the output waveforms of different stimulus sequences
is as follows:

In this system, the user can choose to generate a stimulus sequence containing only
one kind of spike (at a fixed time interval). After setting the parameters in the user
interface, we connect the electronic backpack to the oscilloscope, and the result is shown
in the Figure 14.

Control Interface of Neural Stimulator

Figure 14. The comparison diagram of spike output results, (a) is the spike waveform sequence
set in the interaction interface, where the spike amplitude is 5V, the duration is 2ms, the time
interval between spikes is 5ms, and the entire spike The sequence duration is 500ms. (b) is the
spike output sequence measured by the oscilloscope

The user can also select a stimulus sequence composed of different kinds of spikes,
and select up to four kinds of spikes for combination. The frequency, amplitude of the
spikes, and the time interval between spikes can all be defined by the user. We chose
four different spikes and formed a stimulus sequence for testing. The results are shown

in the Figure 15.
Control Interface of Neural Stimulator
Waveform parameter setting Waveform Preview
e -
h‘-dldr 1 Amphtsde 2 Ampiasde ) Ampitude 4

I

(a)

Control Interface of Neural Stimulator

(c)
Figure 15. Spike parameter setting and output verification

The user clicks the Data setting button on the main interface to enter the waveform
parameter setting interface sub-vi. In this interface, the user can customize the waveform
type and other parameters (as shown in Figure 15(a)). After returning to the main
interface and clicking on the waveform playback, the user can extract the currently set
waveform (as shown in Figure 15(b)). In the waveform output tab of the main interface,
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the user can preview and output the current stimulus sequence (as shown in Figure

15(c)). After connecting the electronic backpack to the oscilloscope, the parameters of
the stimulus sequence we finally tested are consistent with the set waveform parameters
(as shown in Figure 15(d)).

In the custom mode, the user can select the stimulation mode in which different
waveforms appear alternately. Here we only participate in the test with a 10ms interval
between a square wave and a sine wave, and a 10ms interval between the spike and the
square wave. The generated waveform is shown in the Figure 16.

SAVEREC

« ERRET

Figure 16. A stimulus sequence with alternating square waves and spikes

The results show that the GUI can well complete functions such as waveform
selection, stimulation parameter adjustment, and sending stimulation instructions. At
the same time, the hardware part can also complete the spike signal output task well.
After the waveform output test is completed and the debugging is correct, we can start
animal experiments.

3.2. Animal experiment
3.2.1. Electrode implantation

In this experiment, microelectrodes are implanted into two motion-related nuclei in
the brain: the left and right dorsalis intermedius ventralis anterior (DIVA) nuclei[32]. We
use 400mg/kg chloral hydrate solution to intramuscularly inject the pigeons and general
anesthesia. After the pigeons gradually lose their basic reaction[33], we use 2% lidocaine
hydrochloride injection(including 1,/200 000 concentration of epinephrine injection) 0.5
ml subcutaneous injection in the operation area for local anesthesia[34]. The anesthetized
pigeons are fixed on the brain stereotaxic device. The skull is exposed through animal
surgery, and hydrogen peroxide with a concentration of 3% is used for cleaning and
disinfection. According to the pigeon brain stereotactic map, the positions of the on the
left and right DIVA are located by a three-dimensional stereotaxic instrument. After
drilling holes with a skull drill, the electrode is implanted in the corresponding brain
area with the help of a stereotaxic device, and the implanted electrode is fixed with
medical dental cement. After the dental cement is fully solidified, the lead wire of the
electrode is welded to the base, and then the base is fixed on the skull with dental cement.
Feed for 5-7 days after the operation, and after observing no physiological abnormalities,
it can be used for electrical stimulation experiments.

After the pigeon resumes normal behavior and activities, the electronic backpack is
inserted and fixed on the pigeon’s head. The output port of the stimulator is connected
to the electrode lead-out end, and then the electrical stimulation experiment can be
performed. Figure 17 shows a pigeon undergoing electrical stimulation experiments.

3.2.2. Experimental results

On the 5th day after the pigeon surgery, the stimulator was used to perform stim-
ulation experiments on the two points of the pigeons, and the most suitable stimulus
that can cause the pigeons to react was found. The most suitable stimulus for the two
sites is a custom spike combination waveform. The stimulation voltage is 3-5V, and the
duration of each spike signal is 2ms, and the time interval between the three spikes is
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Figure 17. Pigeons undergoing electrical stimulation experiments

2ms, that is, every 12ms is a stimulation sequence, repeated 40 times, and the stimulation
duration is 480ms in total. The schematic diagram of the stimulus signal sequence is
shown in the Figure 18.
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Figure 18. Schematic diagram of the stimulation sequence. A is the signal amplitude, T is the

duration of a single spike signal, T; is the time interval between spikes, and T; is the duration of
the entire stimulation sequence

In this paper, 5 pigeons are selected for the experiment, the stimulation is repeated
10 times, and the above-mentioned spike combination waveform is used as the stimulus
signal. The results of the experiment are shown in the Table 1. In actual operation, 4
pigeons can basically perform left-right turn reaction according to the control require-
ments, and the success rate can reach more than 75%. There was 1 animal with a low
success rate within the appropriate voltage stimulation range. The reason may be a
deviation of the implant position during the electrode implantation or the electrode lead
falling off after the pigeon returned to activity.

Table 1. Experimental results of spike stimulation.

Pigeon number Left turn voltage/V  Number of left turns right turn voltage/V  Number of right turns  Success rate

1 3 2 3 0 10%
2 3 8 3 7 75%
3 4 9 4 9 90%
4 5 10 5 9 95%
5 4 9 4 8 85%
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The experimental results show that the most suitable stimulation voltage range
is 3-5V when using the above-mentioned spike stimulation waveform for stimulation.
When the voltage is 3V, the pigeons start to turn left and right. As the voltage increases,
the reaction of the pigeons becomes more violent, and the success rate of the left and
right turns becomes higher. At this time, the pigeons show obvious behavior of evading
and turning.

4. Conclusion

In this paper, a wireless animal robot stimulation system based on neuronal electri-
cal signal characteristics is designed. It is no longer limited to using the same waveform
for stimulation, but uses analog spikes with spike signal characteristics for stimulation.
In order to increase stimulation modes, a mixed form of a variety of stimulation modes
are provided, which can be customized to select the spike waveform or the regular wave-
form to form the desired stimulation sequence. DDS algorithm is used to reconstruct the
original spike parameters into analog spike signals to enrich the stimulation waveform
in the field of animal robot.

In order to verify the reliability of the system, we used pigeons as the research
object to verify the system. From the experimental results, our system is easy to operate
and reliable in communication. The communication range can cover every corner of
the room, and the communication reliability rate is over 90%. At the same time, the
system is small in size and light in weight, and has little impact on the movement of
pigeons, which improves the efficiency and success rate of the experiment. In addition,
the stimulus signal generated by the system based on the DDS principle to simulate the
electrical signal characteristics of the neuron. It successfully caused the pigeon’s stress
response. Indicating that the simulation of the action potential signal of the animal’s
neuron as a stimulus signal is feasible in the control of animal robots. At the same
time, the multi-modal stimulation used by this system breaks the traditional stimulation
method and increases the stimulation mode of the animal robot. This stimulus method
provides effective ideas and methods for solving the problem of "stimulation fatigue" in
the future.

In the future, we hope to continue to optimize this system, such as adding a camera
function. Our system can only control the pigeon’s motion behavior through visual
judgment, and the control range is limited. If a miniature camera is added to control
behavior through feedback pictures, the application range of the pigeon robot will be
greatly increased. At the same time, how to quantify the degree of damage to animal
brain tissue caused by different stimulation waveforms is a problem and direction that
we need to consider in the future.
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