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ABSTRACT: Hardware based neuromorphic
sensory system has attracted great attention for
cognitive interactive platform. Auditory perception
system can capture and analyze various sound
signals, helping us to detect dangerous
surroundings and judge environmental conditions.
Therefore, developing neuromorphic auditory
system that can decode auditory spatiotemporal
information would be interesting. Here, an
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electrical signals, exhibiting a high sensitivity of ~ 2.24 V/dB and good durability. The neuromorphic transistor can further
process electrical signals generated by SFS-TENG. Thus, the system can mimic auditory perception, exhibiting a wide
range of sound pressure and frequency recognition capabilities. Information encryption/decryption and Doppler frequency
shift temporal information processing are demonstrated on the TENG based auditory system for the first time. The present
auditory perceptual system demonstrates broad application prospects, providing new opportunities to create sophisticated,
adaptable, and interactive systems.
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1 Introduction

With the deep learning technology, artificial intelligence (AI) is
developing rapidly, permeating almost every aspect of our daily life
with the fields of image, voice, and natural language [1]. However,
current Al technology predominantly relies on von Neumann
architecture based on big data and complex programming codes in
a sequential computation mode. Such architecture separates
computation unit and storage unit physically, greatly limiting the
computing efficiency [2—4]. Inspired by the energy efficient parallel
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computing scheme through hierarchical neural networks of the
brain, neuromorphic computing has been proposed to overcome
the dilemma of the AI technology [5-7]. As an important branche
in neuromorphic engineering, neuromorphic devices have also
been proposed as the fundamental building blocks for Al
including two-terminal memristor based ones [8-11] and three
terminal transistor based ones [12-15], demonstrating rich
synaptic functions and neuromorphic functions. Additionally,
human perceptual system possesses the capabilities of hybrid multi-
modal sensory activities, endowing us the capability of deep
interacting with our surroundings. Thus, hardware based
neuromorphic sensory system has attracted great attention for
human—machine interface [16-18], artificial intelligence [19-21],
and biomimetic perception [22-24]. Especially, biomimetic
perceptual systems can simulate various perceptual functions,
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including tactile perception [25-27], visual recognition [28, 29],
multi-modal perception [30], etc.

As one of the most efficient perceptual systems for human being,
auditory perception helps us to obtain over 10% information in
daily activities. Figure 1(a) schematically shows the auditory
perceptual system. Sound causes the eardrum to vibrate, and the
hair cells in the cochlea convert these mechanical vibrations into
action potentials, which are integrated through synapses and
transmitted to the brain through the auditory nerve. After
processing these signals, the auditory perception is formed. Such
perceptual mechanisms can help human being to perceive sounds
in environment, respond to danger signals, and ensure their own
safety [31, 32]. Inspired by the auditory perceptual mechanism,
artificial auditory perceptual systems were proposed [33-35]. It
should be noted here that wireless sense is needed in such
perceptual systems. Due to the limited energy supply of these
systems, the requirements for low energy consumption becomes
prominent for long-term service. Interestingly, triboelectric
nanogenerators (TENGs) can sensitively convert environmental
energy into electrical signals, demonstrating great self-powered
ability [36—39]. Moreover, TENGs are flexible and versatile in
material and structural selection. By designing specific structures,
TENGs can perceive various sound signals [40, 41]. It should be
noted here that complex software units are still required to analyze
the characteristics of these signals. Therefore, integrating TENGs
with neuromorphic devices can achieve real-time computation of
sound signals and rich neuromorphic functions [42—45]. However,
researchers usually use sound signals of fixed frequencies to
modulate the transistor performances, which greatly limits the
functions of the system [46, 47]. Interestingly, frequency of sound
would affect the output voltage of TENGs. Additionally, Doppler
effect will be triggered when there is a relative velocity between the
sound source and the observer, i.e., the sound frequency will change
[48, 49]. Thus, the investigation of artificial auditory perceptual
system under the stimuli of sound with different frequencies would
be interesting and extend application prospects.

In this work, an artificial auditory perceptual system is proposed
by integrating sound frequency sensitive  triboelectric
nanogenerators (SFS-TENGs) with indium tin oxide (ITO) based
ionotronic neuromorphic transistors. As schematically shown in
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Fig. 1(b), the SFS-TENG can convert sound wave signals into
electrical signals, which are loaded to the in-plane gate of the
transistor, triggering neuromorphic information processing. The
SFS-TENG exhibits a high sensitivity of ~ 2.24 V/dB and good
durability. It has a wide range of sound pressure and frequency
recognition capabilities. Thus, information encryption/decryption
function and Doppler frequency shift temporal information
processing are demonstrated on the SFS-TENG based auditory
perceptual system for the first time. The present auditory perceptual
system demonstrates broad application prospects, providing new
opportunities to create sophisticated, adaptable, and interactive
systems.

2 Experimental

2.1 Fabrication of SFS-TENG

Figure 1(c) schematically shows the structure of SFS-TENG. It is
composed of perforated acrylic sheets, copper meshes,
polyetheretherketone (PEEK) membrane, polytetrafluoroethylene
(PTFE) membrane, and rectangular annular paper strip. To obtain
the upper electrode, a copper mesh was attached to a perforated
acrylic sheet. Then, a PEEK membrane with thickness of ~ 0.4 mm
was attached to the copper mesh to act as friction layer. To obtain
the lower electrode, another copper mesh was attached to another
perforated acrylic sheet. A PTFE membrane with thickness of
~ 0.5 mm was attached to the copper mesh. Next, a rectangular
annular paper strips with thickness of ~ 0.1 mm was placed around
and in the center of the PTFE membrane to act as a spacer, as
shown in Fig. 1(d). Finally, the upper electrode and lower electrode
were assembled and fixed with a tape to obtain the SFS-TENG. The
length and the width of the SFS-TENG were 4 cm. The thickness of
the SFS-TENG was ~ 2.2 mm. Figure 1(e) shows the scanning
electron microscopy (SEM) image of the copper mesh. The length
of square aperture was ~ 0.18 mm. The diameter of the copper wire
was ~ 0.07 mm. As shown in Fig. 1(f), the aperture and spacing of
perforated acrylic sheets are both ~ 1 mm, much larger than the
aperture of copper mesh. Two sets of wires can be drawn out from
the copper mesh of the upper and lower electrodes for testing. In
our previous works, there were no holes on the upper electrodes
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Figure1 (a) Schematic diagram of the human auditory perceptual system. (b) Schematic diagram of the proposed artificial auditory perceptual system integrated with
SFS-TENG and ITO neuromorphic transistor. (c) Schematic diagram of SFS-TENG. (d) Photograph of paper strip on the PTFE membrane. (¢) SEM image of copper
mesh. (f) Photograph of perforated acrylic sheet.
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and lower electrodes [50]. Thus, sounds were difficult to pass
through the two electrodes and trigger obvious triboelectric
response on the previous reported TENG. To solve this limitation,
perforated acrylic sheets were introduced. The holes on the acrylic
sheets would let sound pass through easily, reducing the reflection
and loss of sound waves. The structure help effective mechanical
interaction between PTFE and PEEK to trigger obvious triboelectric
response. The copper mesh can adapt well to the vibration and
deformation generated by sound waves, ensuring the stable
performances of the SFS-TENG.

2.2 Fabrication of ITO neuromorphic transistor

Figure S1(a) in the Electronic Supplementary Material (ESM)
schematically shows the device processing of the ITO
neuromorphic transistor. Firstly, chitosan solution was obtained by
dissolving 2 wt.% chitosan powder and 2 wt.% acetic acid in
96 wt.% deionized water. Then, the solution was drop-coated on
ITO glass substrates, followed by drying at 50 °C for 7 h to form a
chitosan-based solid state electrolyte film. The chitosan solution was
also drop-coated on a silicon substrate. After drying, the chitosan
film can be peeled off from the substrate. Then, the film was cooled
in liquid nitrogen and gently pressed with tweezers to obtain film
fragments. Subsequently, ITO electrodes and channels were
deposited on the chitosan film by sputtering ITO target
(In;05:Sn0, = 90:10 wt.%) using a metal shadow mask under pure
Ar ambient. During sputtering, DC power, sputtering pressure, and
Ar flow rate were set to 80 W, 0.8 Pa, and 42 sccm, respectively.
Due to the reflection of ITO nanoparticles at the mask edge, a thin
ITO channel layer can be formed between source (S) and drain (D)
electrodes. Interestingly, in-plane gate (G) can also be formed. The
inset in Fig. S1(a) in the ESM shows the photograph of the in-plane-
gate ITO neuromorphic transistor.

2.3 Characterization and electrical measurements

Thicknesses of chitosan film were characterized using SEM. Surface
morphologies of the PEEK membrane, the PTFE membrane, and
the chitosan film were characterized using atomic force microscopy
(AFM). Frequency dependent specific capacitance of chitosan based
electrolyte film was characterized by using an IM3533 impedance
analyzer. Figure S1(b) in the ESM shows physical image of testing
figuration for SFS-TENG. A speaker (HPS01) was adopted to load
sound on SFS-TENG. Output voltage (Vo) of SFS-TENG was
measured with an oscilloscope (MSO22). Figure S1(c) in the ESM
shows physical image of testing figuration for neuromorphic
transistor. Inset is enlarged physical image of the neuromorphic
transistor. Electrical performances of the oxide neuromorphic
transistor were measured with a semiconductor parameter analyzer
(Keithley 4200A SCS). All the electrical characterizations were
performed in a dark shielded box with air relative humidity of
~ 50%.

3 Results and discussion

Figure 2(a) shows cross-sectional SEM image of the chitosan film.
The thickness is ~ 30.1 pm. There are no pinholes within the films,
as is helpful for good electrical performances. Figure 2(b) shows
AFM surface morphology image of the chitosan film. The surface
Rms value is ~ 1.42 nm. Figure 2(c) shows frequency dependent
capacitance of the chitosan based electrolyte film. A big specific
capacitance of ~ 1.6 pF/cm’ is obtained at 1 Hz. It is related to the
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formation of electric-double-layer (EDL) at the chitosan/ITO
interface. Figure 2(d) shows output curves measured at V,, ranged
from —0.3 to 2.4 V with steps of 0.3 V. The results indicate good
ohmic contact at the S/D electrode. Figure 2(e) shows five repeated
transfer curves of the ITO neuromorphic transistor. Anti-clockwise
hysteresis window of ~ 0.4 V is observed. The behaviors can be
attributed to the migration of protons within the chitosan-based
electrolyte. These curves approach each other very well, indicating
good stabilities. The leakage current is also quite small (< 10 nA), as
shown in Fig. S2(a) in the ESM. The ON/OFF ratio, subthreshold
swing, threshold voltage, and mobility are estimated to be ~ 3.4 x
10%, ~ 171 mV/dec, ~ 0.1 V, and ~ 0.8 cm?’/(V-s), respectively.

In nervous system, excitatory post-synaptic current (EPSC) will
be triggered when excitatory neurotransmitters bind to receptors on
post-synapse. It plays a crucial role in neural signal transmission.
Owing to the proton related EDL effects, EPSC responses could be
mimicked on the ITO neuromorphic transistor. The EPSC
response can be detected with a constant Vy of 0.5 V. Figure 2(f)
shows EPSC responses triggered by spikes with different durations.
The EPSC peak value increases from ~ 3.3 to ~ 10.9 pA with the
increased spike duration from 10 to 40 ms. Meanwhile, spike
amplitude also affects the EPSC response, as shown in Fig. S2(b) in
the ESM. The EPSC peak value increases from ~ 0.8 to ~ 6.3 pA
with the increased spike amplitude from 1 to 4 V. Additionally,
spikes with different shapes would also induce different EPSC
responses. The left panel of Fig. 2(g) shows EPSC response
triggered by a step-like spike with gradually increased amplitudes
from 0.5 to 4 V with steps of 0.5 V within 80 ms. The EPSC
increases gradually until the spike ends. The peak EPSC value is
~ 84 pA. The right panel of Fig. 2(g) shows EPSC response
triggered by a step-like spike with gradually decreased amplitudes
from 4 to 0.5 V with steps of 0.5 V within 80 ms. The peak EPSC
value is only ~ 6.9 pA. Interestingly, the peak value is arrived at the
time when the spike does not end. When the initial potential is
large, protons within the chitosan electrolyte will quickly
accumulate at the chitosan/ITO interface. While the followed lower
potential has no enough driving force to accumulate more protons
at the interface. Thus, accumulated protons tend to return to
equilibrium position, though there are followed weak potential. On
the contrary, protons will receive increased driven force when
receiving spike with gradually increased potentials. Thus, protons
will gradually accumulate at the chitosan/ITO interface until the
spike ends. Figure 2(h) shows typical EPSC response triggered by
paired gate spikes (4 V, 10 ms) with an interval time (AT) of 10 ms.
The second EPSC peak value (A,) is higher than the first one (A)).
Thus, biological paired-pulse facilitation (PPF) effects have been
mimicked. Here, PPF index is defined as (4, — Ap)/(A; — Ap) X
100%, where A, is the initial resting current. Thus, PPF index is
~ 141.8% when AT is 10 ms. Figure 2(i) shows PPF index as a
function of AT. The curve can be fitted by a double exponential
decay function

PPF index =1+ C, -exp(—AT/1,) + C,-exp(—AT/1,) (1)

where C, (C,) and 7, (7,) are initial facilitation magnitudes and
characteristic relaxation times of the two decay phases, respectively.
The fitting gives C,, C,, 7;, and 7, values of ~ 28.2%, ~ 20.7%,
~ 33.3 ms, and ~ 536.7 ms, respectively. When AT is small, the PPF
index drops sharply with the increased AT value. When AT is high,
the PPF index drops gently until it approaches ~ 100%.

The working mechanism of TENG can be generally described as
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https://www.sciopen.com/article/10.26599/NR.2025.94907378
https://www.sciopen.com/article/10.26599/NR.2025.94907378
https://www.sciopen.com/article/10.26599/NR.2025.94907378
https://www.sciopen.com/article/10.26599/NR.2025.94907378
https://www.sciopen.com/article/10.26599/NR.2025.94907378
https://www.sciopen.com/article/10.26599/NR.2025.94907378
https://www.sciopen.com/article/10.26599/NR.2025.94907378
https://www.sciopen.com/article/10.26599/NR.2025.94907378

Zhou et al. Nano Research | Vol. 18, No. 6
(a), I— (o (C) ¢ 102 -
Rms = 1.42 5 107} v,
nm ms =1 nm T 10°
5 £4
52 ;10—1 /
0.2

~30.1pm [t

(d) (€)

21072

2107

[&]

810_4- 1 L 1 1

10° 10" 102 10° 10* 10°
Frequency (Hz)

©
O
80} -5 f) —— 4V, 10ms |y @0.5V
10°F 121 4v,20ms E=T
~ | Vsfrom-03 to2.4V 10k o < 4V, 30 ms
< 60f Zalpei. — 5| S9F 4vioms
= Step@0.3 V 1 =107k 3 O
»40 L — 810-8f 6
= / \010_9§ e g
20 107k | w3}
0 /. e , 1 10-10; i 1 L 1 O ‘ . N T
00 05 10 15 20 25 -16-0.8 0.0(\9.)8 1.6 0 5_|_ 10 ( 1)5 20
Vi (V) - ) ime (s
(9L (h) & (i)
2, Spike =4 V,10 ms 140
@ o A e < |Vu@05V 3,130
&;9 L V. @05V 5:,.4- A, é i
=6 c 120
O () _ 8
& a 2t AT =20 ms N
2 3 i A, o 110}
0 ! 100b

162 1641562 154
Time (s)

O I I I 1
48 50 52 54 56
Time (s)

0 250 500 750 1000
AT (ms)

Figure2 (a) Cross-sectional SEM image of the chitosan film fragments. (b) AFM surface morphology of the chitosan film coated on glass substrate. (c) Frequency
dependent capacitance of the chitosan-based electrolyte film. Inset: In-plane gated test structure. (d) Output curves of the ITO neuromorphic transistor. (e) Five repeated
transfer curves of the ITO neuromorphic transistor. (f) Typical EPSC responses triggered by spikes with different duration times. (g) EPSC responses triggered by step-like
spike with gradually increased amplitudes and gradually decreased amplitudes. (h) Typical EPSC response triggered by paired gate spikes (4 V, 10 ms) with AT of 20 ms.

(i) PPF index as a function of AT value.

follows [36, 37]. When two different friction layers contact with
each other under external force, opposite charges will be carried on
their surfaces. Thus, a potential difference will be triggered if the
two friction layers separate, resulting in the generation of current in
external circuit. Thus, TENG can collect energy from mechanical
vibration, which can be used for self-powered sensors, wearable
devices, and charging electronic devices [51]. Sound waves are
mechanical waves. It will cause periodic changes in the surrounding
air pressure during propagation. Thus, electric signals would be
triggered when sound waves arrive at TENGs. For example, H.
Zhao et al. proposed dual-tube helmholtz resonator-based TENG
for highly efficient harvesting of acoustic energy [52]. G. M. Rani et
al. reported CF-CNT based TENG for sound energy harvesting
[53]. The output voltage is relatively low of below 5 V. Thus, sound
sensitive TENGs are still needed to be optimized. In our case, SFS-
TENG is proposed. To improve the sensitivities, a perforated acrylic
sheet and copper mesh are adopted to allow the sound wave to pass
through. Figures 3(a) and 3(b) show AFM surface morphologies of
the PEEK film and the PTFE film, respectively. The surface Rms
values are ~ 234 and ~ 635 nm, respectively. Figure 3(c)
schematically shows the operation mechanisms for the present SFS-
TENG. When the sound-wave amplitude reaches the valley, the
PEEK film and the PTFE film come into full contact. Due to
frictional electrification and electrostatic induction effects, the PTFE
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film will gain electrons, while the PEEK film will lose electrons.
When the sound-wave amplitude increases, the PEEK film
gradually moves away from the PTFE film and forms a potential
difference between the two back electrodes (ie., copper mesh),
driving electrons from the bottom electrode to the top electrode.
When the sound-wave amplitude reaches the peak, the PEEK film
and PTFE film are sufficiently separated, and electrostatic
equilibrium is reached between the two back electrodes. Now, there
is no current in external circuit. As the sound-wave amplitude
gradually decreases, the PEEK film approaches the PTFE film again.
Thus, the potential difference between the two back electrodes
gradually decreases, driving electrons to flow back from the top
electrode to the bottom electrode. Therefore, when the sound
loaded on SFS-TENGs undergoes periodic changes, an alternating
voltage can be generated.

Figure 3(d) shows open circuit voltages (V) of the SFS-TENG
generated by sound wave signals with different frequencies at a
fixed sound pressure level (SPL) of 100 dB. The V. value increases
with the increased frequency from 20 to 350 Hz. Then, it decreases
with the increased frequency from 350 to 20,000 Hz. The peak V¢
value is ~ 22.8 V. Thus, the present SFS-TENG has a resonant
frequency of ~ 350 Hz. Figure S3(a) in the ESM shows V. of the
SES-TENG by sounds with different frequencies at different SPLs.
The resonant frequency is still at ~ 350 Hz. The effects of spacer

(8) 27 wa | Sci@pen
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Figure3 (a) AFM surface morphology of the PEEK film. (b) AFM surface morphology of the PTFE film. (c) Schematic diagram of the operating mechanism of the SFS-
TENG. (d) Vi of the S-TENG generated by sound wave signals with different frequencies at a fixed SPL of 100 dB. (e) Vi characteristics of the SFS-TENG triggered by
sound with different SPLs at the fixed sound frequency of 350 Hz. (f) Positive Vi, values as a function of SPL values at the fixed sound frequency of 350 Hz. (g) Enlarged
image of Vi responses generated by a sound (350 Hz, 100 dB). (h) Comparison of the waveform of a piece of sound with the recorded V. signals.

thicknesses on performances of SFS-TENG were also investigated,
as shown in Fig. S3(b) in the ESM for sound signal (350 Hz,
100 dB). The Vi responses of SFS-TENG decrease with the
increased spacer thicknesses. Figure S3(c) in the ESM shows V. of
the SFS-TENG by sounds with different frequencies at different
spacer thicknesses. Again, the resonant frequency is still at
~ 350 Hz. Figure 3(e) shows Vi characteristics of the SFS-TENG
triggered by sound with different SPLs at the fixed sound frequency
of 350 Hz. Vi value gradually increases with the increased SPL
value. The increased SPL enhances friction between the PEEK film
and the PTEE film, resulting in the increased V(,¢. Figure 3(f) shows
the positive Vo values as a function of SPL values. Here, the
sensitivity is defined as: SE = AVy/ASPL. When the SPL value is
below 84 dB, the SE value is estimated to be ~ 0.17 V/dB. When the
SPL exceeds 90 dB, the SE value reaches ~ 2.24 V/dB. Table 1
compares typical parameters of the previously reported TENG
based auditory perceptual systems. The sensitivities are ranged
between 0.3 and 0.8 V/dB. While the present SFS-TENG
demonstrates higher sensitivity. Interestingly, the present device
processing is much simpler. Figure S4(a) in the ESM shows V¢
responses generated by a sound (350 Hz, 100 dB). Figure 3(g)
shows the enlarged image of the Vi response. It can be observed
that the Vi curve conforms to the propagation characteristics of
sound wave. Figure S4(b) in the ESM shows rectified Vi for a
sound (350 Hz, 100 dB). Obviously, unipolar output is obtained
after rectification, as is helpful for triggering neuromorphic
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responses in auditory perceptual systems. There is a slight decrease
in Vo from ~ 22.8 to ~ 15.6 V after rectification. Figure S4(c) in
the ESM shows Vo generated by the same sound after 85 days. The
Voc value decreases from ~ 22.8 to ~ 22.1 V. There is only slight
decrease of ~ 3.1%. Figure S4(d) in the ESM shows V(¢ generated
by the same sound after 200 days. The measurements last for
2000 s. There are almost no changes in Vge The results
demonstrate good durabilities of the SFS-TENG. Here, a speech
sound was loaded on the SFS-TENG. Figure 3(h) compares the
recorded Vi signals with the waveform of the sound. The
reproducibilities are quite well. We have also conducted tests on the
dependences of output voltage (U), output current (I), and
instantaneous power on external load resistances. The SFS-TENG is
driven by a fixed sound signal (350 Hz,100 dB). Figures S4(e) and
S4(f) in the ESM show the U, I, and power values under different
external load resistances.

The previous results indicate that the SFS-TENG can effectively
receive sound signals and convert them into electrical signals, while
oxide neuromorphic transistors could receive and process these
electrical signals in real time. Thus, an adaptive artificial auditory
perceptual system (AAPS) can be proposed by integrating the SFS-
TENG with the oxide neuromorphic transistor, as schematically
shown in Fig. 1(b). Figure S5(a) in the ESM shows EPSC response
of the AAPS on the loading of a sound (350 Hz, 100 dB) with
duration of 5 s. The EPSC value rapidly increases during the
loading of sound and gradually returns to the initial level after the
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Table 1 Typical parameters of the previously reported TENG based auditory perceptual systems

Electrolyte layer Channel Friction layer Electrode of TENG Voltage Sensitivity Refs.

Ton-gel PDVT-10 FEP film (processed by laser) Au (vacuum sputtering) ~3.2Vat110dB 857 Hz 0.65 V/dB [42]

Ta,O4 ITO Needle punched FEP film Cu (vacuum sputtering) ~3.1Vat110dB 1000 Hz 0.60 V/dB [43]

Sio, 1GZO PTFE film Conductivefabric ~23Vat110dB 180 Hz 0.77 V/dB [46]

Sio, 1GZO FEP film Conductivefabric ~ 6.4V at 105 dB 180 Hz 0.36 V/dB [47]
Chitosan ITO PEEK film Cu mesh ~ 23V at 100 dB 350Hz 2.24V/dB This work

sound ends. The peak EPSC value is ~ 28.1 HA. Here, the effects of
SPLs on EPSC responses were investigated. Figure 4(a) shows peak
EPSC values as a function of SPL values at fixed sound frequency of
350 Hz. It increases slowly when the SPL is below 95 dB. As the SPL
exceeds 96 dB, the peak EPSC value increases rapidly. From a
subjective perspective, the perception activities will be different for
sound with gradually increased SPL values (case I) and for sound
with gradually decreased SPL values (case II). Such behavior can
also be mimicked on the present AAPS. Here, step-like sounds with
either gradually increased SPL values from 68 to 100 dB (case I) or
gradually decreased SPL values from 100 to 68 dB (case II) were
loaded on the SFS-TENG. The duration time is 5 s. Figures 4(b)
and 4(c) show the EPSC responses for case I and case II,
respectively. For case I, the peak EPSC value is ~ 13.3 pA. While for
case II, the peak EPSC value is only ~ 8.6 uA. As discussed above,
the V¢ value of SFS-TENG will increase gradually for case I. While
it will decrease gradually for case II. Thus, the peak EPSC value is
obtained at the time when the sound ends for case I. While the peak
EPSC value is obtained at the middle of the sound for case II. The
behavior is consistent with those observed in Fig. 2(g).

Figure 4(d) shows EPSC responses on a noise (350 Hz, 30 s) at
different SPLs. We set the noise tolerance threshold to 3 pA. When
the EPSC current exceeds the threshold, it is assumed to be harmful
to human auditory system. When the SPL is relatively low
(< 92.4 dB), the EPSC value does not exceed the threshold. When
the SPL reaches ~ 95.7 dB, the EPSC value exceeds the threshold

after receiving noise for ~ 2.96 s. The peak EPSC value is ~ 3.7 UA,
slightly higher than the threshold, indicating relatively safe
condition. When the SPL reaches ~ 98.2 dB, the EPSC value
exceeds the threshold after receiving noise for ~ 0.74 s. It rapidly
increases to ~ 9 pA in a short time. The peak value is ~ 13.1 pA.
The results indicate that the high SPL would potentially damage the
human auditory system. Here, shouted sound was also loaded on
the AAPS to trigger EPSC. Figure S5(b) in the ESM shows the
waveform of a shouted sound of letter “A”. Figure 4(e) shows
corresponding EPSC responses triggered by shouted sounds of
letter “A” with different SPLs. With the increased SPL values from
~ 90 to ~ 101.2 dB, the peak EPSC values increase from ~1.0 to
~15.9 pA. Figure 4(f) shows EPSC responses triggered by repeated
shouted sounds of letter “A” under the constant SPL of ~ 96.3 dB.
The peak EPSC value triggered by a single shouted sound of letter
“A” is ~ 5.9 pA. It quickly returns to the initial current level when
the shout ends. However, the peak EPSC value triggered by
successive 25 shouted sounds of letter “A” reaches at ~ 27.9 pA. It
remains at ~ 2.2 pA when the shouts end. The value is larger than
the initial current level of ~ 0.5 pA. The results indicate the
sensitivity of the present AAPS.

Additionally, frequency is also an important parameter of
sounds. Thus, it is also interesting to study the effects of sound
frequency on EPSC responses of the AAPS. In our case, the SPL
value and the sound duration are fixed at 100 dB and 3 s,
respectively. Figure 5(a) shows a typical EPSC response triggered by
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Figure4 (a) Peak EPSC values of the AAPS as a function of SPL values at fixed sound frequency of 350 Hz. (b) EPSC response triggered by sound with increased SPL
values from 68 to 100 dB (case I). (c) EPSC response triggered by sound with decreased SPL values from 100 to 68 dB (case I). (d) EPSC response triggered by a noise
(350 Hz, 30 s) under different SPLs. (e) EPSC response triggered by a shouted sound of letter “A” with different SPLs. (f) EPSC response triggered by repeated shouted

sounds of letter “A” under the constant SPL of 96.3 dB.
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Figure5 (a) EPSC response of AAPS triggered by a sound (350 Hz, 100 dB) with duration of 3 s. (b) EPSC peak values at different frequencies with fixed SPL and
duration of 100 dB and 3 s, respectively. (c) EPSC response triggered by an eagle roar. (d) EPSC response triggered by a tiger roar. (e) EPSC response triggered by a wolf

roar. (f) EPSC response triggered by a dog bark.

sound (350 Hz, 100 dB). The EPSC peak value is ~ 19.3 pA.
Figure 5(b) shows the EPSC peak values at different frequencies. It
increases with the increased frequency from 100 to 350 Hz. Then, it
decreases with the increased frequency from 350 to 2000 Hz. It
could be found that the most sensitive frequency is ranged between
250 and 450 Hz. As comparison, human being can easily recognize
animals from their roars. Interestingly, the present AAPS can
mimic such functions. Figures 5(c) and 5(d) show EPSC responses
triggered by an eagle roar and a tiger roar, respectively. The time
domain waveform of sound is also displayed at the upper panel of
each figure. Though the SPL of eagle roar can reach ~ 105.3 dB,
higher than that of tiger roar of ~ 98.7 dB, the EPSC peak value
triggered by eagle roar is only ~ 0.25 pA, much lower than that of
tiger roar of ~ 6.82 pA. Figures S6(a) and S6(b) in the ESM show
frequency domain waveforms of eagle roar and tiger roar,
respectively. For eagle roar, the spectrum locates mainly from
~ 1900 to ~ 2700 Hz with the peak at ~ 2248 Hz. While for tiger
roar, the spectrum locates mainly from ~ 100 to ~ 500 Hz with the
peak at ~ 269 Hz. Since the AAPS is sensitive for sound with
frequency ranged between 250 and 450 Hz, the response on tiger
roar will be much stronger than that on eagle roar. Figures 5(e) and
5(f) also show EPSC responses triggered by a wolf roar and a dog
bark, respectively. The SPL values of wolf roar and dog bark are
~94.8 and ~ 96.3 dB, respectively. The EPSC peak value from wolf
roar is ~ 0.67 pA, slightly lower than that of dog bark of ~ 0.98 pA.
Figures S6(c) and S6(d) in the ESM show frequency domain
waveforms of wolf roar and dog bark, respectively. It can be found
that they have similar sound characteristics. Thus, it is quite normal
for the similar EPSC responses on the two sounds.

Morse cipher is a renowned information coding method. It is
capable of encoding letters, numbers, and certain punctuation
marks using dots and dashes. The present AAPS also has potentials
in information coding and decoding, as schematically shown in
Fig. 6(a). When a series of sound signals are loaded on the SFS-
TENG, the transistor will produce corresponding EPSC responses.

@ 24 | Sci@pen
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The detected EPSC responses carry dot signal and dash signal and
could be used for information decoding. Firstly, sounds with
duration of 0.3 and 1 s are defined as “” signal and “-” signal. The
frequency and the SPL value are fixed at ~ 350 Hz and ~ 92.8 dB,
respectively. Figure 6(b) shows the time domain waveform of
sound trains with different duration times. The time interval
between each sound signal is 1 s, while the time interval between
each group of signals is 2 s. Figure 6(c) shows EPSC response
triggered by the sound trains in Fig. 6(b). Here, a threshold EPSC
value of 0.4 pA is set. For EPSC value that exceeds the threshold, a
dash signal can be decoded. Otherwise, a dot signal can be decoded.
Thus, Figure 6(c) can be decoded as “--”, 7, “.-?, “-”, “---” and
“-”, corresponding to a word “NEURON”. Interestingly, the
present AAPS would have different responses on sounds with
different frequencies, though the sound has similar SPL. Thus,
another information encryption and decryption strategy can also be
proposed. Sounds with frequencies of 450 and 350 Hz are treated as
“” signal and “-” signal, respectively. The SPL values and the
duration time are fixed at 92.8 dB and 1 s, respectively. Figure 6(d)
shows the time domain waveform of sound trains with different
frequencies. The sound trains are less likely to be distinguishable by
our ear. Figure 6(e) shows the EPSC response triggered by the
sound trains in Fig. 6(d). Corresponding video materials are also
provided in the ESM. Interestingly, EPSC with different levels can
be observed. It can be decoded as -, “-.--7, €7, €7 €72

and “”, corresponding to a word “SYNAPSE”. Here, sounds w1th
same durations of 1 s can still be decrypted as “” or “-” signal based
on frequencies. Thus, the encryption strategy based on frequency is
superior than that based on sound duration.

It is well known that Doppler effect is a phenomenon that occurs
when there is a relative motion between a wave source and an
observer. The frequency will increase/decrease when the source is
approaching to/departing from an observer [48, 49, 54]. It is crucial
in science and technology, allowing us to understand motion and
behavior of waves in different contexts. In terms of high-speed
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Figure6 (a) Schematic illustration of information encryption and decryption process based on AAPS. (b) Time domain waveform of sound trains with different
duration times, i.e., 0.3 and 1 s, carrying information of “NEURON?”. (c) EPSC response triggered by the sound trains in (b). The EPSC response can be decoded to obtain
aword “NEURON?”. (d) Time domain waveform of sound trains with different frequencies, i.e., 450 and 350 Hz, carrying information of “SYNAPSE”. (e) EPSC response
triggered by the sound trains in (d). The EPSC response can be decoded to obtain a word “SYNAPSE”.

driving, cars will inevitably encounter emergencies that require
drivers to brake urgently to avoid danger. Therefore, the
performance of car brake is one of the key factors affecting safe
driving. Considering the fact that the present AAPS has frequency
dependent responses, a brake performance testing scheme can be
proposed based on the present AAPS and Doppler effect, as
schematically shown in Fig. 7(a). When a sound source approaches
an observer, the frequency can be described as follows

F=1[V,/(V,—V)]-F, (2)

where F, Fy, V, and V; are the frequency perceived by the observer,
the frequency of the sound source, the velocity of the sound source
relative to ground, and the speed of sound wave propagation in air,
respectively. If the sound source emits sound with frequency of
300 Hz, the frequency perceived by the observer will increase if the
sound source approaches the observer, as shown in Fig. 7(b). When
the car equipped with a sound source (300 Hz, 100 dB) passes
through the detector at different speeds, sound signals with
different frequencies at similar SPL value of 100 dB will be loaded
on SFS-TENG equipped in the detector, generating different Vi
values. As shown in Fig. 7(c), Vi values of SFS-TENG increase
with the increased car speeds. At speeds of 100 and 20 km/h, the
Voc values are ~ 214 and ~ 19.7 V, respectively. Figure 7(d)
schematically shows internal structure and signal processing unit of
the detector. The V,, terminal of the voltage comparator is set at
certain values to assure the effective assessment of brake
performances. For the first velocity detector, the V/, is set at 21.4 V.
For the second velocity detector, the V,, is set at 19.7 V. The V,
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terminal receives the electrical signals produced by the SFS-TENG.
The voltage comparator will output a high-level signal when V,, >
V, and a low-level signal when V, < V,. When the car passes
through first detector at a speed over 100 km/h, the V¢ of SFS-
TENG instantly exceeds 21.4 V. Thus, the comparator triggers a
high-level spike signal of 2 V. The spike will be loaded on the gate
to trigger a small EPSC response. After braking for a distance of
60 m, the car will pass through the second detector. If the speed is
still above 20 km/h, the V5 of SFS-TENG will exceed 19.7 V. Thus,
another spike signal of 4 V will be triggered, which will trigger a
larger EPSC response. As shown in Fig. 7(e), if only one smaller
EPSC peak is detected, the braking performance is considered to be
qualified. In another word, the car at a speed over 100 km/h can
reduce the speed to a safe level (< 20 km/h) within a braking
distance of 60 m. The above results indicate that the present AAPS
has certain prospects, including intelligent sound positioning,
bionic intelligent auditory system, and prosthetic artificial ear, etc.

4 Conclusions

In summary, an artificial auditory perceptual system is proposed by
integrating SFS-TENGs with ITO ionotronic neuromorphic
transistors. The SFS-TENG can convert sound wave signals into
electrical signals, exhibiting a high sensitivity of ~ 2.24 V/dB and
good durability. The ITO ionotronic neuromorphic transistor can
further process the electrical signals generated by the SES-TENG.
Thus, the system can simulate the auditory perception of the brain,
exhibiting a wide range of sound pressure and frequency
recognition capabilities. Thus, information encryption/decryption
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Figure7 (a) Schematic diagram of the brake performance testing scheme with Doppler effect based on the present AAPS. (b) Frequency perceived by the observer as a
function of approaching sound source speed. The frequency of the sound source is 300 Hz. (c) Vi of SFS-TENG as a function of car speed. (d) Schematic diagram of

internal structure and signal processing unit of the detector. (e) Test results of car braking performances.

and Doppler frequency shift temporal information processing are
demonstrated. The present auditory perceptual —system
demonstrates broad application prospects, providing new
opportunities to create sophisticated, adaptable, and interactive
systems.

Electronic Supplementary Material: Supplementary material (flow
chart of the fabrication processing of ITO neuromorphic
transistors, physical image of testing figuration, leakage current of
chitosan film, EPSC responses, Voc of the SFS-TENG, output
voltage/current and output power of SFS-TENG on different
external load resistances, EPSC value under sound, frequency
domain waveforms of sound, and video materials of real-time
information decryption) is available in the online version of this
article at https://doi.org/10.26599/NR.2025.94907378.
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