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Abstract: Inspired by the photoelectric effect, a phototube is incorporated into a simple neural circuit, and then the output voltage and dynamics become sensitive to external illumination within a specific frequency band. The firing modes are also dependent on the amplitude and frequency band in the illumination. In this paper, the signal outputs from a chaotic circuit are used as
external optical signals, which are filtered and encoded by a phototube. Then, the functional neural circuit is excited to present a
variety of firing modes and patterns. An exponential function of the filtering wave is proposed to discover the biophysical mechanism for frequency selection in the retina as most of wave bands of the external illumination are absorbed in the cathode material of the phototube while a specific band is effective in inducing a photocurrent for stimulating the visual neurons. Based on
our light-sensitive neural circuit and model, external illumination is filtered and firing modes in the neuron are reproduced; furthermore, the mode transition induced by parameter shift is also investigated in detail. This result discovers the signal processing
mechanism in the visual neurons and provides helpful guidance for designing artificial sensors for encoding optical signals and
for repairing abnormalities in the retina of the visual system.
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1 Introduction
Neurons from different functional regions in the
brain can perceive and encode a variety of external
stimuli and the nervous system is then excited to
guide the most suitable gaits in the body. The
auditory neurons (Machens et al., 2003; Heil, 2004;
Koundakjian et al., 2007; Richter et al., 2008; Zhou
et al., 2021a) can detect acoustic waves; the
thermosensitive neurons (Nakayama, 1985; Zhang et
al., 2004; Lee and Kenyon, 2009; Ruchty et al., 2010;
Xu et al., 2020a) can discern changes of temperature;
the visual neurons (Gabbiani et al., 2002; Peron and
Gabbiani, 2009; Furtak et al., 2012; Wiederman and
‡
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O’Carroll, 2013; Dipoppa et al., 2018) can perceive
optical signals and light. Indeed, the activation and
release of biophysical functions in nervous systems
are associated with the neural activities of neurons
and astrocytes (Li et al., 2016; Tang et al., 2017;
Brazhe et al., 2018; Erkan et al., 2019; Du et al.,
2020), while the collective behaviors and firing
modes in neural networks are controlled by local
kinetics and the links of nodes as well (Lv et al.,
2019; Duan et al., 2020; Jiao et al., 2020; Yao, 2020;
Zandi-Mehran et al., 2020). From a dynamical viewpoint, the local kinetics of the network can be described by many generic neurons, and even mathematical neurons. As a result, the coupling channels
and external stimuli can be adjusted to trigger regular
spatial patterns and ordered waves, and synchronization stability can also be controlled completely. In
fact, neurons from different regions of the brain can
develop specific functions and become sensitive to
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specific stimuli for generating appropriate firing
modes even in the presence of noise. Some interneurons develop autapse connections (Seung et al., 2000;
Song et al., 2019; Zhao et al., 2020; Li et al., 2021)
and this self-adaption is enhanced by bridging an
auxiliary loop when neurons are injured along the
axon (Wang et al., 2017). When autapse connection
is activated in a local area of the network, the switch
between excitatory and inhibitory autapse will induce pacing stimulus and defects blocking in the
wave propagation (Qin et al., 2014; Ma et al., 2015;
Ge et al., 2019; Yao et al., 2019; Baysal et al., 2021),
and so the collective behaviors of neural networks
are regulated completely. On the other hand, the involvement of astrocytes (Achour and Pascual, 2012;
MacVicar and Newman, 2015; Guo et al., 2017)
connecting to neurons or the neural network will
change the firing patterns in neural activities because
calcium flow is changed to regulate the channel current and membrane potentials. Thus, the estimation
and regulation of biological neurons and the neural
network become a challenge when the biophysical
effect and anatomic structure are considered (Ma et
al., 2019).
The functional biophysical neuron (Wu et al.,
2020) can be sensitive to specific stimuli, and similar
dynamical properties can be reproduced in a large
number of neural circuits by incorporating specific
electric components into them. For the human auditory system, sound voice with the frequencies of 20
to 20 000 Hz can be heard effectively while bats are
more sensitive in the ultrasonic. For the human visual system, light and illumination within the frequency band from 380 to 750 THz can be detected and, in
particular, human eyes are most sensitive to green
light with a wavelength of 500 to 560 nm. Therefore,
specific electric components can be designed to enable the release and conversion of energy from external stimuli. For example, a memristor can be connected to a nonlinear circuit (Fitch et al., 2012;
Vourkas and Sirakoulis, 2016; Babacan et al., 2017;
Bao H et al., 2020; Bao BC et al., 2021), and then
memristive synapse (Juzekaeva et al., 2019; Wu et
al., 2019; Chen et al., 2020) is obtained and its
dynamics relies on the initial value for the memory
variable (magnetic flux). Connection of a thermistor
to the nonlinear circuit (Lukić and Denić, 2015;

Ibrahim et al., 2019; Xu et al., 2020b) makes its dynamics become sensitive to the temperature because
its channel current is adjusted by the external temperature. The channel current across the Josephson
junction (Saira et al., 2016; Pountougnigni et al.,
2019; Koudafokê et al., 2021) can be regulated by an
external magnetic field, and its involvement (Zhang
et al., 2020, 2021) in the nonlinear circuit can
enhance its ability to detect slight changes in the
magnetic field. The coupling channel can also be
controlled by an external field when a Josephson
junction is used to connect neural circuits. A phototube can realize effective conversion from optical
signals to electric signals, so the nonlinear circuit
excited by a photocurrent (Liu et al., 2020a, 2020b)
can be used to reproduce similar behaviors in eyes
and visual system.
In this paper, a feasible light-sensitive neural
circuit is proposed to discern how the external electromagnetic wave is filtered in the suggested frequency band for generating an effective photocurrent
along the branch circuit. External illumination can be
converted into an equivalent electric stimulus via the
retina and then the visual neurons are excited for
further information processing in the nervous system.
Thus, the retina can be considered as an effective
photoelectric converter and a phototube can be used
to reproduce a similar biophysical function in lightsensitive neural circuits. The simple neural circuit is
composed of a capacitor, an induction coil, a nonlinear resistor, and two linear resistors, and then a phototube is connected to enhance its dynamic dependence on external illumination. The phototube has two
functional roles, wave filtering and photoelectric
conversion, and then the equivalent neural circuit can
be used to model the biophysical function and processing signal in visual neurons. The criterion for
frequency selection in the electric component for
wave filtering is suggested, and the filtered illumination can induce continuous electric stimulus in the
neural circuit. The voltage outputs from a chaotic
circuit are used as a realistic optical signal for
activating the phototube; the photocurrent across the
phototube is controlled under the suggested criterion
for wave filtering. Furthermore, the functional neural
circuit is excited to reproduce similar firing modes
from biological visual neurons and the Hamilton
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energy is estimated when the firing modes are
changed.

2 Model and scheme
As mentioned above, the eyes and visual neuron
can perceive external illumination, and electromagnetic waves within specific frequency bands can be
captured and converted to electric stimuli via the
retina. The photoelectric conversion is realized via
the phototube when external illumination is applied
with high frequency beyond the threshold decided by
the cathode material; the functional neural circuit
coupled by a phototube is shown in Fig. 1.

V3 
1
iNR    V  2  ,
3V0 
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(2)

where the parameters ρ and V0 represent the resistance in the linear region and the cut-off voltage
for the nonlinear resistor, respectively. The phototube
is used as a voltage source VP when a large resistance
is applied in the resistor RS. In addition, the phototube can also be considered as a current source iS
when the linear resistor RS is selected within a finite
resistance, and then the photocurrent (Liu et al.,
2020a) can be approached by

iS 

2I H
arctan(VP  Va ),
π

(3)

where IH and Va denote the saturation current (maximal current value) and the reverse cut-off voltage,
which can block the photocurrent across the phototube, respectively.
Firstly, we consider the case that the phototube
is activated as the voltage source and a standard
scale transformation (Wang et al., 2019) is applied
for the physical variables and parameters in Eqs. (1)–
(3) as follows:
Fig. 1 Schematic diagram for a light-sensitive neural circuit controlled by the photocurrent across the phototube
VP, C, L, R, RS, RN, and E represent the output voltage across
the phototube, capacitor, inductor, linear resistors, nonlinear
resistor, and constant voltage source, respectively. iS, iNR, iL,
and iC represent the channel currents along the linear resistors, nonlinear resistor, induction coil L, and capacitor C,
respectively

Guided by Kirchhoff’s law, the circuit equations
for Fig. 1 are obtained by
 dV
C dt  iS  iL  iNR ,

 L diL  V  Ri  E ,
L
 dt

(1)

where the photocurrent across the phototube is described by iS=(VP−V)/RS. V defines the voltage for
the capacitor C. The channel current (Kyprianidis et
al., 2012) across the nonlinear resistor RN is estimated by

x

i
VP
V
t
, y  L , us 
, 
,
V0
V0
RSV0
C

 2C

E
R
,  .
a , b , c

V0
L
RS

(4)

Thus, the dimensionless light-sensitive neuron
can be described by

1 3
 dx
 d  x(1   )  3 x  y  us ,

 dy  c( x  a  by),
 d

(5)

where the variables x, y, and us represent the membrane potential, recovery variable for slow current,
and external stimulus from the phototube, respectively. Indeed, the phototube is sensitive to specific
bands of external illumination and electromagnetic
waves, and its amplitude is related to the frequency as
follows:
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us  A( )cos(2π ),

(6a)

 A0 exp( /  ),   max ,

A( )   A0 ,
min    max ,
 A exp( /  ),    ,
min
 0

(6b)

where the normalized parameter λ is considered as a
decay factor, and is related to the properties of the
cathode material of the phototube. The parameter λ
can be controlled by using different coating materials
while the parameters ω and A0 control the main frequency and amplitude in the filtered wave and voltage source, respectively. Some optical signals within
specific bands of frequency will be absorbed and
decayed via the phototube, and a lower value for the
decay factor λ means that the external illumination
can be suppressed quickly. In addition, ωmin and ωmax
define respectively the upper and lower limit thresholds for the frequency. As a result, the electromagnetic wave is filtered and its frequency remains active in the region [ωmin, ωmax], and the phototube is
then activated effectively. In the experimental way,
the equivalent voltage source us across the phototube
can be approached by using the Heaviside function
H(·) as follows:

us  A( ) cos(2π )
 
 [ H (  max )  H (min   )] A0 exp   
 
 cos(2π )  [ H (max   ) H (  min )]

(7)

 A0 cos(2π ).
Indeed, the phototube can also be activated as a
current source, and the photocurrent defined in
Eq. (3) can be approached by using a simple dimensionless form as follows:

iS  I 0 arctan( x  ua ),

(8)

where I0 is the maximum value of the dimensionless
photocurrent, and the normalized parameter ua is
related to the material property of the phototube. In
this way, the functional neuron driven by the photocurrent can be obtained by
dx
1
 x  x3  y  iS ,
d
3

(9a)

dy
 c( x  a  by ).
d

(9b)

As is well known, the induction coil and capacitor of the neural circuit can pump and release field
energy (Zhou et al., 2021b). The inner energy in the
neural circuit is propagated and exchanged between
electric components (capacitor and induction coil)
when the output voltage is changed with the change
of channel current across the induction coil as
follows:
1
1
W  CV 2  LiL2
2
2
1
1 2

 CV02  x 2 
y   CV02 H .
2c 
2

(10)

By applying similar scale transformation for the
variables and parameters in the field energy shown in
Eq. (10), the dimensionless Hamilton energy H for
the functional neuron is updated as follows:
H

1 2 1 2
x 
y .
2
2c

(11)

The realistic optical signal and electromagnetic
wave show a wide band in frequency, and the output
voltages from chaotic circuits meet this requirement.
For simplicity but without losing generality, the output voltages from Pikovskii-Rabinovich (PR)
(Pikovskii and Rabinovich, 1978) are used as a light
signal, and their dynamics are described by
 dx
 d  y   z,

 dy 
  x  2 y   z   ,

 d
 dz 
3
 d   ( x  z  z ),


(12)

where the variables x', y', and z' can be mapped from
the channel currents across the induction coil and the
voltages across the capacitors in the chaotic circuit;
the normalized parameters are selected as α=0.165,
β=0, γ=0.201, δ=0.66, and μ=1/0.047. In the next
section, initial values are fixed at (0.1, 0.1, 0.1), and
a chaotic series for variable x' is used as an external
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signal source which will be filtered and encoded by
the phototube and an effective photocurrent is triggered to regulate the firing modes and patterns from
the light-sensitive neuron.

From Fig. 2, the criterion for wave filtering
plays an important role in frequency selection. As a
result, the filtered wave shows a distinct difference
in profile from the original signal source and the frequency band is kept in the region [ωmin, ωmax]; further decrease of the decay factor λ can enhance the
effect of wave filtering. Furthermore, the filtered
wave is used to activate the functional neuron and
the dynamics’ dependence on the main frequency ω
in the voltage source across the phototube. The results are plotted in Fig. 3.
The isolated neuron can present periodic firing
at ω<0.14, and chaotic firing patterns are induced at
0.14<ω<0.17. When the wave filtering and frequency selection are switched on, the signal series with
low frequency and high frequency are filtered from
the chaotic signal source. The cone cells are of three

3 Numerical results and discussion

The fourth-order Runge-Kutta algorithm is applied to find numerical solutions for the neuron model with time step h=0.01, the initial value for the neuron model is selected as (0.2, 0.1), and the transient
period is about 1000 time units. The chaotic series
from the chaotic PR system are used as an unfiltered
signal (electromagnetic wave) or a realistic illumination signal. In Fig. 2, chaotic series x' are presented
and filtered.
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Fig. 2 Wave filtering and the power spectrum for the chaotic signals and filtered signals: (a) original chaotic series and
power spectrum via fast Fourier transform (FFT); (b) filtered signal source and power spectrum. The thresholds for frequency selection and parameters are fixed at ωmin=0.1, ωmax=0.5, a=0.7, b=0.8, c=0.1, ξ=0.175, and λ=5. The inserted subfigure is an enlarged version and the frequency region is within [0.0, 1.0]
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Fig. 3 Dependence of firing mode and Lyapunov exponent (LE) spectrum on the frequency in the voltage source us: bifurcation analysis for membrane potential (a) and LE spectra (b) for an isolated neuron driven by voltage source us=
Acos(2πωτ) without wave filtering; bifurcation analysis for membrane potential (c) and LE spectra (d) for an isolated
neuron driven by us=A(ω)cos(2πωτ) under wave filtering. The thresholds for frequency selection and parameters are
fixed at ωmin=0.1, ωmax=0.5, a=0.7, b=0.8, c=0.1, ξ=0.175, λ=5, and A=0.9

kinds and they can perceive the electromagnetic
waves as long wavelength, moderate wavelength,
and short wavelength. For biological neurons, the
excitability can be controlled by external stimuli and
then appropriate firing modes are stabilized in the
neural activities. Therefore, we will discuss three
cases in which the optical signal and illumination are
presented with low frequency, moderate frequency,
and high frequency, respectively. First, we discuss
the case for low frequency and the thresholds are
selected as ωmin=0.005, ωmax=0.16. In Fig. 4, the
spectra for the signal source before and after wave
filtering, and the phase portraits are plotted.
When the voltage source after wave filtering is
kept in the low frequency band, the combined electric stimuli can induce firing patterns within multiple
modes. That is different from the case where the neuron is excited by a sole periodic forcing current with
low frequency. Thus, the filter wave criterion and

mechanism make the functional neuron present rich
firing modes and patterns under excitation from the
filtered wave with combined signals.
In the case of moderate frequency, the thresholds for frequency selection are fixed at ωmin=0.16,
ωmax=0.3, and the results are presented in Fig. 5.
With moderate frequency in the source signal
across the phototube, the photocurrent can enhance
chaotic firing patterns effectively, and chaotic attractors are formed in the phase space.
The case of high frequency, with the threshold
ωmin=0.3, ωmax=0.5, is calculated in Fig. 6.
Similar to the results in Fig. 5, the firing patterns in the electric activities show a chaotic series,
and attractors are formed completely when a filtered
wave with high frequency is used to activate a similar voltage source across the phototube with high
frequency. As mentioned above, the Hamilton energy
is dependent on the membrane potential and channel
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Fig. 4 Frequency domain for exciting signals and phase portraits for the neuron: (a) frequency domain for voltage
source with and without wave filtering; (b) phase portraits and firing patterns with wave filtering at ωmin=0.005,
ωmax=0.16. The parameters are fixed at a=0.7, b=0.8, c=0.1, ξ=0.175, and λ=5
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Fig. 5 Frequency domain for exciting signals and phase portraits for the neuron: (a) frequency domain for voltage
source with and without wave filtering; (b) phase portraits and firing patterns with wave filtering at ωmin=0.16, ωmax=0.3.
The parameters are fixed at a=0.7, b=0.8, c=0.1, ξ=0.175, and λ=5
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Fig. 6 Frequency domain for exciting signals and phase portraits for the neuron: (a) frequency domain for voltage
source with and without wave filtering; (b) phase portraits and firing patterns with wave filtering at ωmin=0.3, ωmax=0.5.
The parameters are fixed at a=0.7, b=0.8, c=0.1, ξ=0.175, and λ=5. The inserted subfigure in Fig. 6a is an enlarged one in
the region of frequency [0.0, 1.0]
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current, and any changes in the firing modes will
change the Hamilton energy. In Fig. 7, the evolution
of Hamilton energy is calculated to discern the effect
of wave filtering in the electromagnetic wave imposed on the phototube.
As shown by the dashed line in Fig. 7a, the neural circuit is excited by a chaotic series as us=x′(τ),
and the neuron energy shows multiple modes and its
evolution is changed greatly when wave filtering is
switched on. In addition, the fluctuation range of
Hamilton energy is decreased when the voltage
source with moderate or high frequency is applied to
trigger chaotic firing patterns in the electric activities.
That is, chaotic firing modes make neurons show
lower Hamilton energy. On the other hand, as shown
in Eq. (11), any changes in the intrinsic parameter c
will change the energy directly, and any changes in
the intrinsic parameters (a, b, c, ξ) will change the

firing mode, and the energy in the neural circuit is
regulated subsequently. In Fig. 8, the sole periodic
electric stimulus from the phototube as us=Acos(ωτ)
x

Fig. 8 Evolution of membrane potentials in the twoparameter space (membrane potentials for variable x in
the neuron driven by periodic stimulus us=Acos(ωτ), with
the parameters fixed at A=0.9, ω=0.16, c=0.1, and ξ=0.175)
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Fig. 7 Energy pumping and release in the functional neuron with and without wave filtering under different thresholds
in frequency: (a) ωmin=0.1, ωmax=0.5; (b) ωmin=0.005, ωmax=0.16; (c) ωmin=0.16, ωmax=0.3; (d) ωmin=0.3, ωmax=0.5. The
parameters are fixed at a=0.7, b=0.8, c=0.1, ξ=0.175, and λ=5. The dashed line describes the evolution of Hamilton energy in the neuron driven by chaotic signals without wave filtering, and the solid lines represent the energy series under
wave filtering with different thresholds
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is applied to detect the mode dependence of membrane potential x on the intrinsic parameters (a, b).
For greater clarity, the bifurcation analysis is
calculated in Fig. 9 by changing one of the intrinsic
parameters in the neural circuit driven by periodic
stimulus. When the parameter b is fixed, in case of a
periodic stimulus, the neuron shows a distinct

transition from periodic firing to chaotic firing at
a=0.46 and then the chaos is suppressed at a=0.8 for
retrieving periodic firing modes. When the parameter
a is fixed, the neuron driven by periodic forcing goes
through periodic firing to chaotic firing modes from
b=0.54, and further increase of the parameter b will
wake periodic firing completely. In Fig. 10,
2
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Fig. 9 Bifurcation diagrams for membrane potential x by changing one intrinsic parameter: (a) b=0.7; (b) a=0.7. The
parameters are fixed at A=0.9, ω=0.16, c=0.1, and ξ=0.175
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Fig. 10 Firing patterns in electric activities when two intrinsic parameters are jumped: (a) parameters jumping in constant steps with time; (b) jumped parameter a with fixed b=0.7; (c) jumped parameter b with fixed a=0.7. The other
parameters are fixed at A=0.9, ω=0.16, c=0.1, and ξ=0.175
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indicates that the Hamilton energy prefers higher
values in the case of periodic firing modes.
2

(a)

1
x

the evolution of membrane potential is plotted when
one intrinsic parameter is jumped with a constant
step.
Indeed, any changes in one of the intrinsic parameters will induce distinct mode transition in the
neural activities when periodic stimulus from the
phototube is applied. Furthermore, we consider the
case when the phototube is activated and it is used as
current source; the firing mode’s dependence on intrinsic parameters is plotted in Fig. 11.
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Fig. 11 Evolution of membrane potentials in the twoparameter space (membrane potentials for variable x in
the neuron driven by photocurrent iS=I0arctan(x−ua)).
The parameters are fixed at I0=0.05, ua=0.1, c=0.1, and ξ=
0.175

When the phototube is handled as a current
source, the neuron tends to present periodic firing
modes and bifurcation analysis as shown in Fig. 12.
In fact, the neuron used to present periodic firing modes when the stimulus from the phototube
connected to the neural circuit can be regarded as a
continuous current source, and the firing modes become regular but with their parameters shifted greatly. In the same way, one parameter is shifted to detect the transition in the membrane potentials with
the results shown in Fig. 13.
As presented in Fig. 13, appropriate switch and
jump in any of the two intrinsic parameters (a, b)
will induce transition from periodic to quiescent
states. For example, periodic firing is generated at
a<0.8, b<0.4 while the neuron becomes quiescent at
a>0.8, b>0.4. That is, the physical property of the
phototube and its outputs can control the excitability
and firing modes of the functional neuron completely.
Extensive numerical calculation is carried out, and it

0
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0.0

0.4

0.8

1.2

b

Fig. 12 Bifurcation diagrams for membrane potential x
by changing one intrinsic parameter: (a) b=0.32; (b) a=
0.7. The parameters are fixed at I0=0.05, ua=0.1, c=0.1,
ξ=0.175, and the photocurrent is estimated at iS=
I0arctan(x−ua)

In summary, most realistic optical signals often
have wide bands, e.g. the chaotic signals are also
generated with wide bands. The illumination and
electromagnetic wave within certain frequency bands
can be detected in the visual system by generating
equivalent and effective electric stimuli in the neurons and neural circuit loop. Therefore, wave filtering
becomes critical and the thresholds for frequency
selection in the electromagnetic wave are relative to
the physical property of the phototube (and of the
retina in the visual system). In a practice, a variety of
coating films can be coated and adhered to the photoelectric conversion device to select and/or filter illuminations within specific frequency bands. For the
light-sensitive neural circuit/neuron, the equivalent
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Fig. 13 Firing patterns in electric activities when two intrinsic parameters are jumped: (a) parameters jumping in constant steps with time; (b) jumped parameter a with fixed b=0.32; (c) jumped parameter b with fixed a=0.7. The other
parameters are fixed at I0=0.05, ua=0.1, c=0.1, and ξ=0.175

photocurrent generated from the phototube can
change the excitability and energy pumping effectively when the external illumination is filtered effectively. That is to say that the criterion for wave
filtering and frequency selection well explains the
potential biophysical mechanism for photoelectric
conversion and coding in the visual system, and provides possible guidance for enhancing photoelectric
conversion in artificial eyes and signal encoding in
intelligent devices. Also, this proposal is effective in
exploring wave filtering in auditory systems (Guo et
al., 2021) because the ears can be sensitive to acoustic waves within specific frequency bands. In fact,
electromagnetic radiation has an important impact on
the wake-sleep cycle (Jin et al., 2019), and appropriate devices for filtering electromagnetic waves can
be designed for ensuring healthy sleep. In experiments and extensive applications, the light-sensitive
neural circuit can be excited by a silicon photocell,
and a color absorber (filter) can be preplaced to select an optical wave with a suitable frequency band.

Therefore, these light-sensitive neural circuits can be
connected to build a network, which is capable of
detecting optical signals and can control electric devices by using different illuminations. As reported in
(Perc, 2007a, 2007b), the collective behaviors in the
neural networks are controlled by the local excitability and connection topology, and adaptive adjusting
in the coupling channels; links and local kinetics will
be sensitive for detecting external stimuli and then
appropriate wave propagation and energy flow can
be controlled completely. Based on our proposal and
criterion for wave filtering, more wave sources can
be applied for detecting pattern formation, wave
propagation, and energy flow in a network driven by
filtered waves with spatiotemporal diversity.

4 Conclusions

Visual neurons are sensitive to electromagnetic
waves and external illumination within specific
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frequency bands, and the potential mechanism is that
the retina can absorb certain bands of electromagnetic wave. In this paper, a phototube is incorporated
into the neural circuit for improving its sensitivity to
illumination and light. A criterion for wave filtering
is suggested to select specific bands from a chaotic
series, which is used to model a realistic signal
source, and the filtered wave is effective in realizing
photoelectric conversion via a phototube. As a result,
the photocurrent across the phototube is dependent
on the external illumination and filtered wave, and it
is effective in triggering a variety of firing modes;
the Hamilton energy is also adjusted effectively. This
result can clarify the potential biophysical mechanism for signal processing and frequency selection in
visual neurons, and the proposed criterion for wave
filtering is also helpful for further designing artificial
light-dependent and piezoelectric sensors and networks. For further investigation and application, appropriate coating films can be plated on the phototube and piezoelectric devices for wave filtering and
selection of frequency, and then artificial functional
sensors can be designed to perceive different physical signals.
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